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Abstract: Background: Alcohol-related brain damage (ARBD) causes cognitive-behavioral
impairments that can lead to dementia. White matter is a major target in ARBD. Additional
research is needed to better understand the mechanisms of ARBD progression to advanced
stages with permanent disability. Potential contributing factors include neuroinflammation
and altered signaling through pathways that regulate cell survival, neuronal plasticity,
myelin maintenance, and energy metabolism. Objectives: This study characterizes the
time course-related effects of chronic heavy ethanol feeding on white matter myelin pro-
tein expression, neuroinflammation, and molecules that mediate signaling through the
mechanistic target of rapamycin (nTOR) pathways. Methods: Adult Long Evans rats
(8-12/group) were fed with isocaloric liquid diets containing 0% (control) or 36% ethanol.
Experimental endpoints spanned from 1 day to 8 weeks. The frontal lobes were used for
histopathology and molecular and biochemical analyses. Results: Chronic ethanol feeding
caused significant brain atrophy that was detected within 4 weeks and sustained over
the course of the study. Early exposure time points, i.e., 2 weeks or less, were associated
with global increases in the expression of non-myelinating, myelinating, and astrocyte
markers, whereas at 6 or 8 weeks, white matter oligodendrocyte/myelin/glial protein
expression was reduced. These effects were not associated with shifts in neuroinflamma-
tory markers. Instead, the early stages of ARBD were accompanied by increases in several
mTOR proteins and phosphoproteins, while later phases were marked by inhibition of
downstream mTOR signaling through P70S6K. Conclusions: Short-term versus long-term
ethanol exposures differentially altered white matter glial protein expression and signaling
through mTOR’s downstream mediators that have known roles in myelin maintenance.
These findings suggest that strategic targeting of mTOR signaling dysregulation may be
critical for maintaining the functional integrity of white matter and ultimately preventing
long-term ARBD-related cognitive impairment.
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1. Introduction

Alcohol use disorder (AUD) compromises health status, family dynamics, economic
security, and social well-being [1-3], and with moderate to high degrees of severity, it
can substantially contribute to morbidity and mortality linked to multi-organ and system
dysfunction [4]. Chronic, heavy alcohol misuse adversely impacts the brain, causing
atrophy, cognitive impairment with deficits in executive function and memory, and in
advanced cases, dementia and disability [5,6]. In the central nervous system (CNS), chronic,
sustained alcohol-related neurobehavioral pathologies are mediated by neurotoxic and
degenerative effects in white matter, particularly in prefrontal regions, the temporal lobes,
cerebellum, and corpus callosum [7,8]. Higher doses and longer durations of chronic
or binge alcohol consumption correlate with the severity of CNS damage from alcohol
misuse [6,9,10]

Alcohol’s neurotoxic and neurodegenerative effects target CNS white matter myelin
and axons [6,8,10]. Oligodendrocytes, which generate and maintain myelin [11,12], are
highly susceptibility to alcohol’s neurotoxic and degenerative effects [13,14]. Mechanisti-
cally, moderate to heavy ethanol exposures impair signaling pathways stemming from the
insulin and IGF-1 receptors and directed downstream to support critical oligodendrocyte
functions, including cell survival, energy metabolism, and myelin homeostasis [15-17].
Previous studies showed that ethanol’s inhibitory effects on phosphatidylinositol-3-kinase
(PI3K)-Akt and attendant activation of glycogen synthase kinase-33 (GSK-33) compromise
cell survival and cytoprotective defenses against oxidative injury, DNA damage, and dis-
rupted energy balance. However, those adverse effects of ethanol were largely observed
in developing and adolescent rather than adult models [18-20]. Correspondingly, there
is ample evidence that immature developing brains are substantially more sensitive to
the neurotoxic and long-term damaging effects of alcohol compared with mature adult
brains [21,22]. Mechanistically, the prominent inhibitory effects of ethanol on insulin/IGF-
PI3K-Akt signaling in the immature brain likely account for cell loss, impaired cell growth,
survival, and metabolic functions needed for cognitive-behavioral functions. Such ad-
verse effects in the immature brain contribute to the long-lasting cognitive-behavioral
dysfunctions that persist through later periods in life [23-26].

An additional intracellular signaling network that is adversely affected by ethanol in
the brain is linked to mechanistic target of rapamycin (mTOR) [27-29]. The mTOR pathways
have important roles in oligodendrocyte functions such myelin formation, maintenance,
and integrity [30,31]. Signaling through the Rapamycin-sensitive mTOR protein complex
1 (mTORC1) [32,33], which includes the Raptor adaptor protein [33], stimulates myelin pro-
duction by oligodendrocytes. Correspondingly, rapamycin inhibition of mTOR/mTORC1
impairs oligodendrocyte survival and maturation, myelin synthesis, and myelin mainte-
nance, resulting in white matter loss or atrophy [30,31,34]. mTORC2, which is rapamycin-
insensitive, includes the Rictor adaptor protein [33] and modulates metabolic signaling
through P70S6K [35]. Compromised signaling through mTOR/mTORC2 impairs cellular
metabolism via its inhibitory effects on 5473-Akt (Akt activation) and p-P70S6K [30,31,34].
Altogether, these findings highlight the importance of mMTOR/mTORC1/mTORC?2 signal-
ing in relation to oligodendrocyte function and myelin homeostasis [30,31,35,36] and justify
further study in relation to ARBD in the adult brain.

It has been well established that high-dose chronic alcohol exposures cause sustained
neurobehavioral dysfunctions, neuropathology, and molecular and biochemical impair-
ments in the CNS [20,37] and that the severity of ARBD increases with lifetime duration
and maximum exposure [38—40]. Although evidence suggests that ARBD can be partially
reversed by abstinence [41-45], the pathophysiological factors that drive its progression
and sustain chronicity have not been determined. To address this problem, we utilized an
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established adult model of chronic heavy alcohol consumption to measure time course-
related molecular and biochemical changes leading ARBD. The investigations focused on
white matter myelin/oligodendrocyte pathology, indices of neuroinflammation, and mTOR
signal transduction pathways.

2. Materials and Methods

Materials: The reagents and critical instruments/technology used for this research
are listed in Supplementary Table S1. The commercial antibodies and their sources, final
concentrations, vendors, catalog numbers, and Research Resource Identifiers (RRID) are
listed in Supplementary Table S2.

Experimental Model: This study examined the time course effects of high-dose chronic
ethanol feeding in an established adult Long Evans rat model. Six-week-old male and
female rats (n = 8-12/group) (Charles River Laboratories, Wilmington, MA USA) were
pair-fed with Lieber-DeCarli isocaloric liquid diets (BioServ, Frenchtown, NJ, USA) that
contained 0% or 36% (caloric) ethanol for periods ranging from 1 day to 8 weeks (56 days)
following four days of liquid diet adaptation. Food intake and body weight were monitored
regularly. The rats were housed in same-sex pair cages in a pathogen-free animal facility
with an automated 12 h light/dark cycle (lights on at 7:00 a.m. and off at 7:00 p.m.).

Experimental Endpoint Procedures: At the experimental endpoints, between 9:00 a.m.
and 12:00 p.m., blood ethanol concentrations were measured using a colorimetric assay kit.
The rats were then euthanized under deep isoflurane anesthesia by cardiac puncture exsan-
guination. The brains and livers were weighed. The brains were immediately sectioned to
obtain 3 mm coronal plane slices of the frontal lobes from just anterior to the temporal poles.
One frontal lobe from each rat, including cortical ribbon and underlying white matter, was
snap-frozen on dry ice and preserved in an air-tight container at —80 °C for later molecular
assays. The contralateral frontal lobe was immersion-fixed in formalin and embedded in
paraffin. Histological sections were stained with Luxol fast blue, hematoxylin and eosin
(LHE) to assess white matter myelin integrity.

Protein Homogenates: Using a TissueLyser II (Qiagen, Germantown, MD, USA) with
5 mm stainless steel beads, the brain tissue samples were homogenized in weak lysis buffer
that contained protease and phosphatase inhibitors [46]. Supernatant fractions clarified by
centrifugation at 14,000 g for 10 min were aliquoted for enzyme-linked immunosorbent
assays (ELISAs). Protein concentrations were measured with the bicinchoninic (BCA) assay.

Duplex ELISAs: These assays measured immunoreactivity to white matter oligoden-
drocyte, myelin, or astrocyte proteins, including 2'3'-cyclic nucleotide 3'-phosphodiesterase
(CNPase), myelin proteolytic protein (PLP), platelet-derived growth factor receptor-
alpha (PDGFRA), Galactosylceramidase (GalC), myelin-associated glycoprotein 1 (MAG1),
myelin oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP), Nestin, Vi-
mentin, and glial fibrillary acidic protein (GFAP) (Supplementary Table S2). In addition,

immunoreactivity to the mTOR-related signaling molecules Rictor, Raptor, 5151

p-Rictor,
and %?2p-Raptor was measured by duplex ELISA. In brief, triplicate 50 ng protein aliquots
were adsorbed to the bottom surfaces of 96-well MaxiSorp plates overnight at 4 °C. Su-
perblock (TBS) was used to mask non-specific binding sites. Immunoreactivity was de-
tected by a 4 °C overnight incubation with primary antibody, followed by sequential
horseradish peroxidase-conjugated secondary antibody and Amplex UltraRed incubations.
Fluorescence intensity was measured in a SpectraMax M5 microplate reader (excitation
530 nm/emission 590 nm). Large acidic ribosomal protein (RPLPO) immunoreactivity
was detected with biotinylated anti-RPLPO followed by streptavidin-conjugated alkaline
phosphatase, and 4-MUP (Ex360 nm/Em450 nm) served as a loading control [47-49]. The
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calculated ratios of the specific protein to RPLPO fluorescence were used for intergroup
statistical comparisons.

Multiplex ELISAs: Magnetic bead-based total and phospho-Akt/mTOR 11-Plex panels
were used to examine the effects of ethanol exposure and duration on the expression and
phosphorylation of proteins integrally related to insulin and IGF-1 signaling through the
Akt and mTOR pathways (Supplementary Table S3A). The functions of the assayed proteins
and phosphoproteins are summarized in Supplementary Table S4. Inmunoreactivity was
measured in 12.5 ug protein aliquots of frontal lobe homogenates. A 5-plex magnetic bead-
based cytokine assay (Supplementary Table S3B) measured proinflammatory cytokines
in 150 ug protein sample aliquots. The multiplex ELISAs were performed according to
the manufacturer’s protocols. In brief, following incubation with antibody-bound beads,
fluorescence intensity, corresponding to captured antigens detected with biotinylated
secondary antibodies and Streptavidin-conjugated phycoerythrin-conjugated streptavidin,
was measured in a MAGPIX. Results were analyzed using xPONENT software (xPONENT
4.3, Luminex Corp, Austin, TX, USA). Standard curves for each analyte were included to
calculate the levels of immunoreactivity. Results are expressed as fluorescent light units
(FLU) or pmol/150 ug protein).

Statistics: Results were analyzed by two-way mixed-model analysis of variance
(ANOVA) with post hoc Tukey multiple comparisons tests (GraphPad Prism 10.4, San
Diego, CA, USA) to examine the effects of chronic progressive heavy ethanol exposure on
white matter molecules, Akt-mTOR signaling, and neuroinflammation. The F-ratios and
p-values are shown in Tables 1-5, with significant (p < 0.05) or trend-wise (0.05 < p < 0.10)
differences highlighted. Significant post hoc test results are shown in the graph pan-
els. Heatmaps and bar plots were used to display the within-group and between-group
differences in marker expression measured by ELISA.

3. Results

General Characteristics: Two-way ANOVA tests demonstrated significant ethanol
effects on blood alcohol concentration (BAC), body weight, and brain weight, significant
exposure duration effects on body weight, brain weight, and liver weight, and a statis-
tical trend-wise effect of exposure duration on BAC (Table 1). Significant or trend-wise
exposure x duration interactive effects were not detected. Graphs corresponding to the
changes in BAC levels, body weight, brain weight, and liver weight are shown in Figure 1.
At all experimental endpoints, the blood alcohol concentrations were significantly elevated
in ethanol-fed rats (Figure 1A). However, the smallest difference from control occurred
after one day of 36% ethanol feeding and the largest was between the 1- and 2-week experi-
mental endpoints. Body weight increased progressively in both control and ethanol-fed
rats (Figure 1B). Within the initial 2 weeks of liquid diet feeding, the mean body weights
were similar for the two groups, but from 4 weeks and beyond, ethanol feeding resulted
in progressively smaller weight gains resulting in significant inter-group differences at
the 6- and 8-week time points. Daily monitoring revealed that control rats consistently
consumed 100% of the food provided twice daily over the time course. In contrast, the
ethanol-fed rats consumed just 90% to 95% of the food during the first two weeks (leaving
5-10%), but subsequently they also consumed all the twice-daily-supplied food. Since the
rats were housed in pairs, it was not possible to assess differences in food consumption.
On the other hand, the rats did not lose weight and the weekly percentage weight gains in
cage mates differed by less than 10%. During the initial two weeks of the study, there were
no significant effects of ethanol on mean brain weight. However, after 4, 6, and 8 weeks
of ethanol feeding, significant ethanol-associated reductions in mean brain weight were
observed (Figure 1C). Liver weights gradually and similarly increased in the control and
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ethanol-diet groups with no significant differences measured over the duration of the study
(Figure 1D).

Table 1. Model characteristics—two-way ANOVA tests.

Feature Etlgzi‘i?)l p-Value DFuII;a;ttii(:)n p-Value Ethan(i:l ;ag::ration p-Value
Blood Alcohol 196.3 <0.0001 1.90 0.09 1.639 N.S.
Body Weight 18.56 <0.0001 57.05 <0.0001 1.135 N.S.
Brain Weight 10.44 0.0018 4.527 0.0005 1.001 N.S.
Liver Weight 0.247 N.S. 18.54 <0.0001 0.767 N.S.

Two-way ANOVA tests comparing the effects of ethanol, exposure duration (1 to 56 days), and ethanol x exposure
duration interactions. Bold font highlights significant results (p < 0.05). Italicized values reflect statistical trend
effects (0.10 < p < 0.05). N.S. = not statistically significant. See Figure 1 for post hoc Tukey test results.
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Figure 1. Effects of chronic high-dose ethanol exposures on blood alcohol, body weight, brain weight,
and liver weight. Long Evans male and female rats were fed with isocaloric liquid diets containing
0% (control) or 36% ethanol (n = 8-12/group) from 1 day to 56 days after a 4-day period of adaptation.
Terminal (experimental endpoint) mean (+5.D.) of (A) blood alcohol levels, (B) body weights,
(C) brain weights, and (D) liver weights were compared between the groups by two-way ANOVA
(See Table 1) with post hoc Tukey tests. Significant differences correspond to p < 0.05. Statistical
trend-wise differences (italicized) reflect 0.10 < p < 0.05.

Brain histopathology: LHE-stained histological sections of frontal lobe at the level
of the anterior corpus callosum and caudoputamen nucleus [50] were examined and
photographed by light microscopy to evaluate progressive changes in white matter myelin
staining as an index of myelin integrity. Over the time course, brains from ethanol-fed
rats consistently exhibited lower intensities of Luxol fast blue myelin staining in corpus
callosum white matter (Figure 2). The most pronounced reductions in myelin staining
were evident at the 8-week endpoint of the study (Figure 2K,L). In addition, 6 to 8 weeks
of ethanol exposure were associated with subtle alterations in the glial cell morphology,
manifested by a less conspicuous presence of small round condensed nuclei characteristic
of oligodendrocytes (Figure 21-L).
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Figure 2. Chronic ethanol exposure reduces white matter myelin. Formalin-fixed, paraffin-embedded
histological sections (5 um thick) of the frontal lobe from control (A,C,E,G,1 K) and ethanol-fed
(B,D,FH,]J,L) adult Long Evans rats were stained with LHE. The images depict representative
examples of corpus callosum white matter from brains harvested on experimental endpoint Days
3 (A,B), 7 (C,D), 14 (EF), 28 (G,H), 42 (L]), and 56 (K,L). Luxol fast blue dye stains myelin blue
(asterisks). (B,D,F). Short-term ethanol exposure (14 days of fewer) resulted in modest degrees
of myelin staining pallor. (H,J,L) Ethanol exposures for 4, 6, or 8 weeks conspicuously reduced
myelin staining relative to (G,LK) corresponding controls. Original magnifications, 400 ; Scale bars
correspond to 100 um.

CNS Glial Markers: The analyses were focused on glial oligodendrocyte-myelin and
astrocyte protein expression to address the role of progressive white matter pathology as a
mediator of brain atrophy in ARBD. The study design was set to characterize alterations in
molecular white matter pathology linked to the duration of heavy ethanol feeding. Using
duplex ELISAs with the levels of specific immunoreactivity normalized to RPLPO, we mea-
sured the expression of pre- or immature myelinating proteins (CNPase, PLP, PDGFA, and
GalC), myelinating proteins (MAG1, MOG, and MBP), and astrocyte/glial markers (Nestin,
vimentin, and GFAP). Two-way ANOVA tests detected statistically significant effects of
exposure duration for all glial markers and ethanol x exposure duration interactive effects
for all markers except CNPase and Nestin (Table 2). Ethanol exposure alone accounted for
significant variance with respect to MBP and a trend effect for GalC. No significant effects
related to RPLPO expression were observed.
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Table 2. Glial proteins—two-way ANOVA tests.
Moleeule Ygiun  pvame  GRET pVale  pudontRase  pValue
CNPase 0.719 N.S. 8.620 <0.0001 1.65 N.S.
PLP 0.787 N.S. 15.46 <0.0001 3.578 0.0038
PDGFRA 0.893 N.S. 5.880 <0.0001 4.84 0.0003
GalC 2.885 0.093 26.81 <0.0001 2.772 0.0178
MAGI1 0.593 N.S. 22.63 <0.0001 2.757 0.0183
MOG 2.001 N.S. 5.228 0.0002 3.798 0.0025
MBP 4.011 0.049 20.41 <0.0001 3.303 0.0064
Nestin 0.262 N.S. 22.74 <0.0001 1.252 N.S.
Vimentin 0.838 N.S. 16.10 <0.0001 2.861 0.015
GFAP 0.0352 N.S. 63.87 <0.0001 2,911 0.014
RPLPO 0.0305 N.S. 0.797 N.S. 0.427 N.S.

Duplex ELISASs measured glial protein immunoreactivity in frontal lobe tissue from rats maintained on isocaloric
control or ethanol-containing liquid diets over a time course from 1 day to 8 weeks (n = 8/time point/group). Data
were analyzed by two-way ANOVA to examine effects of ethanol exposure, duration of exposure and ethanol
x duration interactive effects. Significant differences (p < 0.05) are highlighted with bold font. Statistical trend
results (0.05 < p < 0.10) are italicized. N.S. = not significant. Corresponding graphs with post hoc test results are
displayed in Figures 3-5.

In addition to graphs depicting the time course-related differences between control
and ethanol frontal lobe glial protein and RPLPO (control) expression (Figures 3A-D, 4A-C
and 5A-D), bar plots were used to illustrate the overall effects of short-term (2 weeks or less)
versus long-term (4, 6, or 8 weeks) ethanol exposures, i.e., the mean percentage increases or
decreases in immunoreactivity (Figures 3E-H, 4D-F and 5E-H). Finally, the ELISA results
were displayed with heatmaps (Figure 6), to more clearly depict the overall inter-group
and time course shifts in glial marker expression.

The graphs corresponding to CNPase (Figure 3A), PLP (Figure 3B), PDGFRA
(Figure 3C), and GalC (Figure 3D) exhibited similar trends, with generally higher lev-
els of immunoreactivity in frontal lobe tissue from rats fed with ethanol-containing diets for
1to 14 days. The post hoc tests demonstrated significant or statistical trend-wise differences
after 1, 3, and/or 14 days of ethanol exposure. Day 7 uniquely showed no inter-group
differences in pre-myelinating protein expression. An additional observation was that from
1 to 14 days of liquid diet feeding; pre-myelinating protein expression declined in both
groups, but more steeply in controls. For the long-term cluster (4-8 weeks exposure), the
mean levels of pre-myelinating proteins tended to be higher than in the 1 to 14-day cluster,
and ethanol feeding resulted in significant or trend-wise reductions in PLP, PDGFRA, and
GalC at the 4-week and/or 8-week time points. The time-dependent exposure effects of
ethanol are shown with the bar plots (Figure 3E-H), which depict nearly global increases
in pre-myelinating protein expression after short-term (1-14 days) ethanol feeding and
suppression/inhibition of the same proteins in the long-term chronic ethanol-fed groups.
Single-sample t-tests demonstrated significant short-term exposure-related increases and
long-term exposure-related reductions in immunoreactivity (Table 3) and (Figure 3E-H).
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Figure 3. Non-myelinating/pre-myelinating glial proteins. Progressive time course-dependent
changes in (A) CNPase, (B) PLP, (C) PDGFRA, and (D) GALC were measured in control (blue)
and ethanol-exposed (red) frontal lobe tissue by duplex ELISA with results normalized to RPLPO.
Data were analyzed by two-way ANOVA (Table 2). Significant (p < 0.05) and statistical trend-wise
differences (italicized; 0.10 < p < 0.05) are shown within the panels. (E-H) The calculated mean
percentage changes in immunoreactivity measured in the ethanol versus corresponding control
groups are depicted with bar plots. The early phase (1-14 days) stimulatory (green) versus late
phase (4-8 weeks) inhibitory (blue) effects of ethanol were analyzed by one-sample ¢-tests for the null
hypothesis that the percentage change = 0 (Table 3). Significant (*; p < 0.05) and statistical trend-wise
group differences (¥; 0.10 < p < 0.05) are shown within the panels.

The short-term phase of the experiment had progressive exposure duration-related
declines in MAGI (Figure 4A), MOG (Figure 4B), and MBP (Figure 4C), with significantly
higher levels of immunoreactivity in the ethanol group at the Day 1 and Day 14 time points,
and a trend reduction in MOG at the Day 3 time point. Regarding the long-term phase,
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the levels of myelin glycoprotein expression were elevated relative to most time points
in the short-term phase. At experimental endpoints Day 28 and Day 42, the control and
ethanol-exposed samples mainly had similar levels of MAG1, MOG, and MBP. However, at
the final endpoint (Day 56; 8 weeks), significant inhibitory effects of ethanol were observed
for MAG1 and MBP, but not MOG. The corresponding bar plots (Figure 4D-F) show
predominantly short-term ethanol exposure-related stimulation of MAG1, MOG, and MBP,
except for minimal responses on Day 7, whereas the long-term phase was associated with
general reductions in immunoreactivity in the ethanol groups, but with significant ethanol
effects limited to MOG (Table 3).

Table 3. Glial proteins—one-sample T-test.

Molecule Stimtlleaal;li}(;rl: }tl-asstztistic p-Value Inhibliilitsnpggigtistic p-Value
CNPase 3.10 0.05 6.41 0.023
PLP 3.69 0.035 2.97 0.097
PDGFRA 3.72 0.034 5.56 0.031
GalC 2.89 0.063 2.29 N.S.
MAG1 2.58 0.082 1.77 N.S.
MOG 3.43 0.041 4.42 0.048
MBP 2.45 0.092 1.07 N.S.
Nestin 1.98 N.S. 1.28 N.S.
Vimentin 5.99 0.009 0.85 N.S.
GFAP 2.93 0.061 0.71 N.S.
RPLPO 0.58 N.S. 0.18 N.S.

One-sample t-test results to assess overall stimulatory or inhibitory effects of ethanol on glial protein expression
in the early (1-14 days) versus late (4-8 weeks) phases or chronic ethanol feeding. The null hypothesis was that
the percentage changes in glial proteins were associated with ethanol exposure = 0. See Figures 3-5. Significant
differences (p < 0.05) are highlighted with bold font. Statistical trend results (0.05 < p < 0.10) are italicized.
N.S. = not significant.

Nestin immunoreactivity progressively increased from Day 1 to Day 28, leveled off,
then declined slightly from endpoint Day 42 to Day 56. For the most part, ethanol’s effects
on Nestin immunoreactivity were modest and limited to an isolated statistical trend-wise
increase after Day 1, and a trend-wise reduction on Day 56 (Figure 5A). Frontal lobe
vimentin immunoreactivity also progressively increased over time (Figure 5B). Statistical
trend-wise increases in vimentin expression were observed in samples from ethanol-fed
rats harvested on Days 1 and 14. However, by Day 56, chronic ethanol feeding led to a
significant reduction in frontal lobe vimentin. GFAP immunoreactivity was similar in the
control and ethanol groups during the short-term exposure phase of the study. On Day 28,
the mean levels of GFAP were sharply increased in both groups and peaked in the control
samples. Thereafter, control frontal lobe GFAP progressively declined. Ethanol exposures
significantly muted the Day 28 peak responses and resulted in exposure duration declines
in GFAP, but with similar mean levels of GFAP at endpoint Days 42 and 56 (Figure 5C).
In contrast to the glial markers, RPLPO immunoreactivity was similar in control and
ethanol-exposed samples, and time course-related shifts were not detected (Figure 5D).
The corresponding bar plots, together with single sample -tests, demonstrated significant
or trend-wise ethanol-associated short-phase increases in Vimentin (Figure 5F) and GFAP
(Figure 5G), but not Nestin (Figure 5E) or RPLPO (Figure 5H), and no significant overall
long-term effects (Table 3).
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Figure 4. Myelinating glial proteins. Progressive time course-dependent changes in (A) MAGI,
(B) MOG, and (C) MBP were measured in frontal lobe tissue from control (blue) and ethanol-fed (red)
rats by duplex ELISA with results normalized to RPLPO. Data were analyzed by two-way ANOVA
(Table 2). Significant (p < 0.05) and statistical trend-wise differences (italicized; 0.10 < p < 0.05) are
shown within the panels. (D-F) The calculated mean percentage differences in immunoreactivity
in ethanol versus control groups are shown with bar plots. The early phase (1-14 days) stimulatory
(green) versus late phase (4-8 weeks) inhibitory (blue) effects of ethanol were analyzed by one-sample
t-tests for the null hypothesis that the percentage change = 0 (Table 3). Significant (*; p < 0.05) and
statistical trend-wise group differences (¥; 0.10 < p < 0.05) are shown within the panels.
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Figure 5. Astroglial proteins and RPLPO. Progressive changes in (A) Nestin, (B) Vimentin, and
(C) GFAP were measured in frontal lobe tissue from control (blue) and ethanol-exposed (red)
rats by duplex ELISA with results normalized to RPLPO. (D) RPLPO results corresponding to
input protein for the ELISAs). Data were analyzed by two-way ANOVA (Table 2). Significant
(p < 0.05) and statistical trend-wise differences (italicized; 0.10 < p < 0.05) are shown within the panels.
(E-H) The calculated mean percentage differences in immunoreactivity in ethanol versus control
groups are shown with bar plots. The early-phase (1-14 days) stimulatory (green) versus late-phase
(4-8 weeks) inhibitory (blue) effects of ethanol were analyzed by one-sample t-tests for the null
hypothesis that the percentage change = 0 (Table 3). Significant (** p < 0.01) and statistical trend-wise
group differences (¥; 0.10 < p < 0.05) are shown within the panels.
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The heatmap generated with the RPLPO ELISA data shows modest between-group
variability but no distinct time course trends (Figure 6A), reflecting its suitability as a
normalizing control molecule for the duplex ELISAs. The heatmap representing the aggre-
gate specific protein data (Figure 6B) shows that CNPase, PLP, and GFAP were the most
abundantly expressed glial markers in the frontal lobe. Vimentin and Nestin were initially
expressed at low levels in the early/short-term phase, but during the long-term phase
of the study, the levels were relatively higher. Inter-group differences were marked by
variably higher ethanol-associated levels of these molecules in the early phase and lower
levels in the later phase. Since PDGFRA, GALC, MAG, MOG, and MBP were expressed at
relatively low levels, their side-by-side direct comparisons with glial molecules expressed
at ten-fold or higher levels compressed visualization of the inter-group and time-course
differences in mature myelin oligodendrocyte glycoprotein expression. A sub-heatmap
that included results related to PDGFRA, GALC, MAG, MOG, and MBP was generated
(Figure 6C). The most notable observation is the somewhat V-shaped time course curves
marked by relatively higher protein expression levels in the very early and later time points
and the lowest levels at approximately the 14-day point. In addition, there was a trend
toward higher expression levels in the ethanol group in the early phase, and a reversal
of that trend was observed with lower levels of protein expression in the later phase of
chronic ethanol exposure.

Cytokine Markers: A commercial 5-plex magnetic bead-based cytokine ELISA mea-
sured the pro-inflammatory cytokines, IFN-y, IL-1f3, IL-2, IL-6, and TNF-« in frontal lobe
tissue. Two-way ANOVA tests demonstrated significant exposure duration effects on IFN-y,
IL-2, and TNF-«, and a statistical trend effect on IL-1f3 (Table 4). There were no significant
or trend-wise effects of ethanol or ethanol x exposure duration interactions concerning
any of the cytokines tested. Linear regression analysis demonstrated consistently negative
slopes, reflecting progressive reductions in cytokine expression over the time course of
the study (Table 5). Although the R? values were generally low, the test of a non-zero
slope was significant for IFN-y, IL-2, and TNF-« in both control and ethanol samples
and for IL-1f in controls (Table 5); however, we detected no significant control versus
ethanol group differences in the slopes, indicating that time course-dependent declines in
proinflammatory cytokine expression were similar. The graphs corresponding to the time
course-dependent shifts in pro-inflammatory cytokine expression show extensive overlap
between the groups (Figure 7A-E). The only significant inter-group differences by post hoc
tests were detected at the 7-day time point such that the mean levels of IFN-y (Figure 7A),
IL-1p (Figure 7B), IL-2 (Figure 7C), and IL-6 (Figure 7D) were significantly reduced by
ethanol, and for TNF-«, the mean level was trend-reduced by ethanol (Figure 7E).

Table 4. Cytokines—two-way ANOVA tests.

Ethanol Duration Ethanol x Duration

Molecule F Ratio p-Value F Ratio p-Value F Ratio p-Value
IFN-y 2.62 N.S. 3.355 0.0062 0.672 N.S.
IL-1B3 2.498 N.S. 2.068 0.068 1.287 N.S.

IL-2 0.001 N.S. 4.056 0.0015 1.957 0.084
IL-6 0.007 N.S. 1.340 N.S. 1.187 N.S.
TNF-x 2.448 N.S. 7.205 <0.0001 0.660 N.S.

Frontal lobe cytokine ELISAS results analyzed by two-way ANOVA to assess effects of ethanol exposure, duration
of exposure, and ethanol x duration interactive effects. Rats were maintained on 0% or 36% caloric ethanol-
containing liquid diets from 1 day to 8 weeks (n = 8/time point/group). Significant differences (p < 0.05) are
highlighted with bold font. Statistical trend wise effects (0.05 < p < 0.10) are italicized. N.S. = not significant.
Corresponding graphs with post hoc test results are displayed in Figure 7.
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Figure 6. Glial protein expression heatmap. Heatmap displays of the progressive within-group and
between-group time course- and ethanol exposure-related shifts levels of frontal lobe (A) RPLPO,
(B) all oligodendrocyte premyelinating, oligodendrocyte myelinating, and astroglial proteins, and
(C) the subset of relatively low-abundance oligodendrocyte/myelin proteins, PDGFA, GALC, MAGI,
MOG, and MBP. Heatmap C better illustrates within-group and between-group time course- and
ethanol exposure-related shifts in oligodendrocyte premyelinating and oligodendrocyte myelinating
proteins without data compression by comparisons with far more abundant myelin/glial proteins.
The scale bar in A reflects immunoreactivity measured in fluorescence light units, and the scale bars
in B and C indicate the levels of immunoreactivity normalized to RPLPO. See Tables 2 and 3 and
Figures 3-5 for statistical analysis results.
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Figure 7. Progressive ethanol exposure effects on pro-inflammatory mediators. Frontal lobe expres-
sion of (A) IFN-vy, (B) IL-1B, (C) IL-2, (D) IL-6, and (E) TNF-« in adult Long Evans control (blue)
and ethanol-exposed (red) rats (n = 8/group). A 5-Plex cytokine and chemokine panel measured
immunoreactivity in protein samples. Graphs depict the time course shifts and corresponding dif-
ferential ethanol effects (n = 8/group). Data were analyzed by two-way ANOVA (Tables 4 and 5).
Significant (p < 0.05) and statistical trend-wise (italics; 0.10 < p < 0.05) post hoc test results are
displayed in the panels.
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Table 5. Simple linear regression cytokine curve fitting.

Sample Group Cytokine Equation R? i{:j:g:; p-Value Control vs. Ethanol
Control-IFN-y Y =-1.621 x X +149.9 0.254 12.92 0.0009
Ethanol-IFN-y Y =—-0.8788 x X + 114.1 0.113 4.44 0.0423 N.S.
Control-IL-1p Y=-1.187 x X+ 1814 0.153 7.204 0.01
Ethanol-IL-1p3 Y =—-0.2625 x X + 144.0 0.012 0.481 N.S. N.S.
Control-IL-2 Y =—0.1254 x X + 35.45 0.097 4.290 0.045
Ethanol-IL-2 Y = —0.1525 x X + 36.19 0.123 5.480 0.024 N.S.
Control-IL-6 Y = —0.4226 x X + 1584 0.000 0.037 N.S.
Ethanol-IL-6 Y =1.815 x X + 1534 0.020 0.80 N.S. N.S.
Control-TNF-« Y = —0.08180 x X + 10.95 0.175 8.503 0.0058
Ethanol-TNF-« Y = —0.06645 x X +9.602 0.140 6.331 0.016 N.S.

Simple linear regression, best fit calculations were used to test if the slopes were significantly non-zero. Significant
p-values for non-zero slopes correspond to progressive time/exposure duration effects (reductions; negative
slopes). Slopes = 0 indicate no effect of exposure duration. None of the between-group slopes were statistically
significant (far right column). N.S. is not significant.

Progressive Chronic Ethanol Exposures on Insulin/IGF-1 Signaling Through Akt-
mTOR: These studies characterized progressive shifts in chronic ethanol exposure effects
on the expression of critical molecules, their functional phosphorylated forms, and their
relative levels of phosphorylation in frontal lobe tissue. The approach employed magnetic
bead-based 11-plex ELISAs to measure total and phosphorylated insulin/IGF-1-Akt-mTOR
pathway signaling proteins. In addition, we measured Rictor, P11 -Rictor, Raptor, and
PS792_Raptor expression with duplex ELISAs. Corresponding with earlier findings in Long
Evan ethanol exposure models, we did not detect significant sex differences in the signaling
protein or phosphoprotein expression [29]. Therefore, data from the males and females
were combined to assess the effects of ethanol, exposure duration, and ethanol x exposure
duration interactions on mTOR pathway signaling molecules.

Upstream Signaling Mediators: There were no significant effects of chronic ethanol
feeding on the frontal lobe levels of IGF-1 receptor, IRS-1, PYPY1162/1163 [ngylin R,
pYpY1135/1136_[GE-1R, PS636-IRS-1, or the relative levels of Insulin R, IGF-1R, and IRS-1
phosphorylation, but there was a statistical trend effect of ethanol on insulin receptor ex-
pression (Tables 6 and 7). In contrast, ethanol exposure duration significantly impacted all
indices, and ethanol x exposure duration interactive effects were significant for all except
IRS-1. The graphs corresponding to Insulin-R (Figure 8A), IGF-1R (Figure 8B), and IRS-1
(Figure 8C) all show similarly progressive declines in immunoreactivity in the control and
ethanol groups. However, post hoc tests demonstrated significant ethanol effects marked
by higher levels of Insulin-R on Day 1 and Day 3, higher levels of IGF-1R on Day 1, and
reduced IGF-1R on Day 42. Regarding the phosphoproteins, Day 1 of ethanol feeding signif-
icantly increased PYpY1162/1163_[1g]lin R (Figure 8D), PYpY1135/1136_[GE-1R (Figure 8E), and
PS636_TRS-1 (Figure 8F), but by Day 3, ethanol significantly reduced PYPY1135/1136_JGF-1R. In
addition, on Day 56, we observed an ethanol-associated trend-wise reduction in PS636_[RS-1.
The calculated relative mean levels of Insulin R tyrosine phosphorylation were reduced
after 3 (trendwise) and 14 (significant) days of ethanol exposure but increased trendwise
on Day 42 (Figure 8G). Ethanol also increased the mean relative level of IGF-1R tyrosine
phosphorylation on Day 42 (Figure 8H). Regarding IRS-1, ethanol had no significant or
trendwise effect on the relative levels of Serine phosphorylation (Figure 8I).
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Figure 8. Upstream components of the Insulin/IGF-1-Akt-mTOR pathway. Commercial 11-plex

magnetic bead-based ELISAs measured frontal lobe levels of (A) Insulin receptor (R), (B) IGF-1R,
(C) IRS-1, (D) PYPY1162/1163_Tngy]in-R, (E) PYPY1135/1136_[GE-1R, and (F) PS636-IRS-1 and the calculated

relative levels of (G) Insulin-R, (H) IGF-1R, and (I) IRS-1 phosphorylation in adult Long Evans rats
(n = 8/group) maintained for 1 to 56 days on isocaloric liquid diets containing 0% (control) or 36%
ethanol. Values correspond to arbitrary fluorescent light units (FLU). Inter-group comparisons were
made by a two-way ANOVA (Tables 6-8) with post hoc Tukey tests. Software generated p-values
corresponding to significant (p < 0.05) or statistical trend-wise (italicized; 0.10 < p < 0.05) differences
are shown in the panels. Control-blue, Ethanol exposed-red.

Mid-Level Signaling Mediators: Akt, PTEN, GSK-3, GSK-3p, P5473-Akt, PS380_PTEN,
PS21_GSK-3«, and P-GSK-3 were included in this cluster (Tables 6-8 and Figure 9).
There were no significant or trend-wise effects of ethanol on these proteins or phospho-
proteins by two-way ANOVA. In contrast, exposure duration significantly modulated the
expression of all proteins and phosphoproteins in this cluster, except for PTEN. Significant
ethanol x exposure duration interactive effects were observed for GSK-3, PS?1-GSK-3¢,
and P¥-GSK-3p and a trend-wise effect was detected for P5473-Akt. There were no sig-
nificant or trend-wise ethanol x exposure duration interactive effects on Akt, PTEN,

PS380_PTEN, or GSK-3p.
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Figure 9. Mid-level components of the Insulin/IGF-1-Akt-mTOR pathway. Magnetic bead-based

protein and phosphoprotein 11-plex ELISAs measured frontal lobe levels of (A) Akt, (B) PTEN,
(C) GSK-3«, (D) GSK-38, (E) PS473-Akt, (F) PS380_PTEN, (G) PS21-GSK-3«, (H) P$?-GSK-38, and the cal-
culated levels of (I) Akt, (J) PTEN, (K) GSK-3«, and (L) GSK-3f relative phosphorylation (compared

with total protein) in Long Evans rats (n = 8/group) maintained for 1 to 56 days on isocaloric liquid
diets containing 0% (control) or 36% ethanol. Values correspond to arbitrary fluorescent light units
(FLU). Inter-group comparisons were made by a two-way ANOVA (Tables 6-8) with post hoc Tukey
tests. Software calculated p-values represent significant (p < 0.05) or statistical trend-wise (italicized;
0.10 < p < 0.05) differences are shown in the panels. Blue = Control; Red = Ethanol exposed.
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Table 6. Akt-mTOR protein pathway—two-way ANOVA tests.
Moleeule  prol pVale ot pValue g nint e pValue
Insulin R 2.817 0.097 13.95 <0.0001 3.018 0.011
IGF-1R 0.297 N.S. 14.3 <0.0001 2.410 0.035
IRS-1 0.943 N.S. 11.89 <0.0001 1.030 N.S.
Akt 1.332 N.S. 16.43 <0.0001 0.034 N.S.
PTEN 0.002 N.S. 1.789 N.S. 1.245 N.S.
GSK-3cx 0.101 N.S. 35.87 <0.0001 4.334 0.0009
GSK-38 0.005 N.S. 18.01 <0.0001 1.708 N.S.
RPS6 0.974 N.S. 15.41 <0.0001 2.645 0.022
P70S6K 1.748 N.S. 6.583 <0.0001 1.748 N.S.
mTOR 2.757 0.10 52.77 <0.0001 3.002 0.011
TSC2 0.028 N.S. 14.83 <0.0001 1.274 N.S.
Rictor 19.73 <0.0001 63.21 <0.0001 6.865 <0.0001
Raptor 38.70 <0.0001 87.63 <0.0001 6.646 <0.0001
Two-way ANOVA test results reflecting ethanol exposure, time course/duration, and exposure x duration
interactive effects on frontal lobe expression of signaling molecule proteins in the Akt/mTOR pathway. Bold font
highlights significant results (p < 0.05). Italicized font corresponds to a statistical trend (0.05 < p < 0.10). N.S. = not
significant. n = 8 rats/group. See Figures 8-11 for corresponding graphs and post hoc test results. Abbreviations:
R = receptor; IGF = insulin-like growth factor; IRS = insulin receptor substrate; PTEN = phosphatase and tensin
homolog; GSK = glycogen synthase kinase; RPS6 = Ribosomal Protein S6; P70S6K = 70-kDa ribosomal protein S6
kinase; mTOR = mechanistic target of rapamycin; TSC = tuberous sclerosis complex 2.
Table 7. Akt-mTOR phospho-protein pathway—two-way ANOVA tests.
Molecul
PYPY1162/1163_1y5ylin R 0.219 N.S. 5.101 0.0002 2.886 0.014
PYPY1162/1163_JGE-1R 1.558 N.S. 16.14 <0.0001 2.551 0.027
PS636_IRS-1 0.405 N.S. 3.012 0.011 2.689 0.021
PS473_A Kt 0.06 N.S. 26.58 <0.0001 2.014 0.074
PS380_PTEN 0.812 N.S. 3.568 0.0038 1.206 N.S.
PS21_GSK-3«x 0.114 N.S. 3.807 0.0024 3.100 0.009
PS9_GSK-33 0.068 N.S. 2.179 0.05 3.266 0.0068
pS235/S236_R PS6 0.005 N.S. 4122 0.0013 1.749 N.S.
PT412_p70S6K 2.381 N.S. 8.247 <0.0001 2.619 0.024
PS2448_ TOR 0.952 N.S. 4.196 0.001 2.21 0.05
PS99_TSC2 1.668 N.S. 3.168 0.0082 2.437 0.033
PS1591_Rjctor 18.08 <0.0001 74.80 <0.0001 7.23 <0.0001
PS792_Raptor 42.46 <0.0001 55.49 <0.0001 5.174 0.0002

Two-way ANOVA test results reflecting ethanol exposure, time course/duration, and exposure x duration
interactive effects on frontal lobe expression of signaling molecule phosphoproteins in the Akt/mTOR pathway.
Bold font highlights significant results (p < 0.05). Italicized font corresponds to a statistical trend (0.05 < p < 0.10).
N.S. = not significant. n = 8 rats/group. See Figures 8-11 for corresponding graphs and post hoc test results.
pY = phospho-tyrosine; pS = phospho-serine; pT = phospho-threonine. See Figures 8-11.
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Table 8. Akt-mTOR relative phospho-protein immunoreactivity—two-way ANOVA tests.

Molecule Frae PVt e pValie e Ratio P Value
PYPY1162/1163_/[nsylin R 1.286 N.S. 17.91 0.0001 2.180 0.055
PYPY1162/1163_/GF-1R 0.002 N.S. 4.880 0.0003 1.578 N.S.
PS636_/IRS-1 0.638 N.S. 12.58 0.0001 0.404 N.S.
PS473_ Akt 0.258 N.S. 7.443 <0.0001 2.263 0.047
PS380_/PTEN 0.671 N.S. 1.744 N.S. 2.913 0.013
PS21_/GSK-3cx 1.011 N.S. 47.37 <0.0001 1.591 N.S.
PS9_/GSK-3p 0.004 N.S. 22.77 <0.0001 1.617 N.S.
pS235/S236_/RPS6 0.285 N.S. 16.64 <0.0001 2.845 0.015
PT412_/p70S6K 1.809 N.S. 5.680 <0.0001 1.148 N.S.
PS2448_/mTOR 0.183 N.S. 56.38 <0.0001 2.139 0.059
PS939_/TSC2 3.099 0.083 3.820 0.0023 2.451 0.033
PS1991_/Rictor 1.176 N.S. 7.679 <0.0001 0.992 N.S.
PS792_/Raptor 2.187 N.S. 43.12 <0.0001 0.740 N.S.

Two-way ANOVA test results reflecting ethanol exposure, time course/duration, and exposure x duration
interactive effects on frontal lobe calculated relative levels of signaling molecule phosphorylation in the Akt/mTOR
pathway. Bold font highlights significant results (p < 0.05). Italicized font corresponds to a statistical trend
(0.05 < p <0.10). N.S. = not significant. n = 8 rats/group. See Figures 8-11 for corresponding graphs and post hoc
test results. pY = phospho-tyrosine; pS = phospho-serine; pT = phospho-threonine.

Graphs depicting the comparative effects of ethanol on Akt, PTEN, GSK-3&, GSK-303,
PS473_Akt, PS380_PTEN, PS21.GSK-3«, and P$?-GSK-3p over the 8-week period of investiga-
tion are shown in Figure 9. Progressive declines in Akt, GSK-3«, and GSK-3f3 occurred
from Day 1 to Day 28, after which the levels of Akt and GSK-3f3 increased relative to the
nadirs detected on Day 28, whereas GSK-3« declined further over time (Figure 9A,C,D).
In contrast, PTEN expression remained relatively stable over the time course of the study
(Figure 9B). Significant inter-group differences were marked by ethanol-associated higher
levels of GSK-3« (Figure 9C) and GSK-3f3 (Figure 9D) at the Day 1 time point and signifi-
cantly lower levels of GSK-3«x at the Day 42 endpoint. An ethanol-associated trend-wise
reduction in GSK-3(3 was observed at the Day 56 endpoint (Figure 9D).

The levels of PS473-Akt declined progressively over the time course of the experiment
and in concert with reductions in total Akt protein (Figure 9E). However, relative to control,
ethanol significantly increased P5#73-Akt on Day 1 but trend-wise reduced it on Day 7.
Regarding PS?1-GSK-3«, and P%-GSK-3p, the within-group levels varied broadly over
the time course such that no overt trends were observed relative to the duration of the
experiment (Figure 9G,H). However, like P5¥73-Akt, ethanol significantly increased PS?!-
GSK-3« and P$-GSK-3f on Day 1 and trend-wise increased P5*-GSK-3 on Day 7 but
significantly reduced PS?1-GSK-3c and P$?-GSK-3( on Day 42 and Day 56, respectively.
Although PS380_PTEN expression remained relatively stable over the time frame of the
study; on Day 56, chronic ethanol exposure significantly reduced its level relative to control
(Figure 9F).

Ethanol significantly reduced the relative levels of Akt phosphorylation after 3 and
7 days exposure (Figure 9G) and trendwise reduced the relative levels of PTEN (Figure 9H)
and GSK-3« (Figure 9]) phosphorylation on Day 14. In contrast, ethanol increased the
relative levels of PTEN phosphorylation on Days 28 (trendwise) and 56 (significant), GSK-
3o on Day 42 (significant), and GSK-3f3 (significant) on Day 28 (Figure 9L).
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Downstream Signaling through TSC, mTOR, P705S6k, and RPS6 (Tables 6-8, Figure 10):
Two-way ANOVA tests demonstrated no significant ethanol effects on TSC, P70S6K, or
RPS6 but did show a trend-wise effect on mTOR. In contrast, highly significant effects of
exposure duration were observed for all four molecules, and ethanol x exposure duration
interactive effects were detected for mTOR and RPS6 (p < 0.0001) (Table 6). Regarding
the phosphoproteins, two-way ANOVA tests demonstrated significant exposure duration
effects on all four molecules and significant ethanol x exposure duration interactive effects
on P$939.TSC2, PS248_mTOR, and PT412-P70S6K (Table 7). In contrast, no significant ethanol
effects on phosphoprotein expression were detected. Ethanol had a trendwise effect on the
relative mean level of mTOR phosphorylation, whereas exposure duration significantly
impacted the relative phosphorylation of all four molecules (Table 8). Statistical trendwise or
significant ethanol x exposure duration effects were observed for relative phosphorylation
of RPS6 and mTOR, respectively.

The mean levels of TSC2 (Figure 10A) and mTOR (Figure 10B) progressively declined
over the time course of the study. On Day 1, the mean levels of TSC1 and mTOR were
elevated in the ethanol group, but on Day 7 and Day 42, mTOR was significantly reduced by
ethanol. P5?%-TSC2 and PS2#48-mTOR expression varied but without conspicuous exposure-
duration trends. However, ethanol-associated statistical trend-wise increases in both
phosphoproteins were detected on Day 1, and significant or trend-wise reductions were
observed on Days 3 (P¥-TSC2 and P$¥-/TSC2), Day 7 (P¥*¥-TSC2, P$9%-/TSC2, and
PS2448_mMTOR), and /or Day 56 (PS?448-mTOR and P5?448-/mTOR) (Figure 10E,FL]).

RPS6 expression was significantly elevated by ethanol on Day 1 and Day 3, but
thereafter, the levels remained relatively stable with no significant inter-group differ-
ences (Figure 10D). Similarly, P5235/236_RPS6 immunoreactivity remained steady over the
time course of the study, except for an ethanol-associated trend-wise increase on Day 3
(Figure 10H) and a reduction in the relative level of phosphorylation on Day 3 (Figure 10L).
P7056k exhibited a modest decline in immunoreactivity from Day 1 through Day 56. The
reductions were similar for the control and ethanol-exposed groups except on Day 56
(8 weeks), when the mean levels of P70S6K were significantly lower in the ethanol-exposed
group. The levels of PT412-P70S6K were higher on Day 1 and Day 3 relative to the other time
points (Figure 10C). The main effects of ethanol were to trend-wise increase in PT412_p70S6K
on Day 1 and significantly reduce its expression on Day 56 (Figure 10G), corresponding
with the decline in P70S6K protein. However, despite reductions in both P70S6K and
PT412_P70S6K, the calculated relative level of P70S6K was significantly higher than control
on Day 56 (Figure 10K).

Rictor and Raptor (Tables 6-8 and Figure 11). Two-way ANOVA tests demonstrated
significant ethanol, exposure duration, and ethanol x exposure duration interactive effects
on Rictor, PS1591- Rictor, Raptor, and PS7?2-Raptor (Tables 6 and 7) and significant exposure
duration effects on the relative levels of phosphorylation (Table 8). The progressive time
course shifts in total protein and phosphoprotein expression differed distinctly from the
other signaling molecules in that within the initial 14 days of the study, the levels of each
molecule remained relatively stable, whereas beyond the 2-week exposure period, the
levels of immunoreactivity increased (Figure 11A-D). Ethanol significantly increased Rictor,
PSI91. Rictor, Raptor, and P57°2-Raptor on Day 42 and Day 56. In contrast, the calculated
relative levels of Rictor and Raptor phosphorylation were mainly similar for the control and
ethanol-exposed groups (Figure 11E,F). The most notable response detected was the sharp
reduction in relative phosphorylation of Raptor in the long term (28 days and beyond)
compared with the earlier phase of the model.
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Figure 10. Downstream signaling through mTOR. Magnetic bead-based protein and phosphopro-
tein 11-plex ELISAs measured immunoreactivity to (A) TSC2, (B) mTOR, (C) P70S6K, (D) RPS6,
(E) PS939_TSC2, (F) PS2448_mTOR, (G) PT412-P70S6K, and (H) P5235/236_RPS6, and the calculated relative
levels of (I) TSC, (J) mTOR, (K) P70S6K, and (L) RPS6 in frontal lobe tissue (n = 8/group) from adult
Long Evans rats maintained on isocaloric liquid diets containing 0% (control) or 36% ethanol for 1
to 56 days. Values correspond to arbitrary fluorescent light units (FLU). Inter-group comparisons
were made by a two-way ANOVA (Tables 6-8). Software calculated p-values reflecting significant
(p < 0.05) or trend-wise (italicized; 0.10 < p < 0.05) differences are shown in the panels. Blue = Control;

Red = Ethanol-exposed.



Biomolecules 2025, 15, 413 22 of 35

A <0.0001 C <0.0001 E
0.0411
4 0.0782 <0.0001 ’—| O 0.25- <0.0001 ’—|
5 10
o . o 0.20 5
T & 0.15 i 5 & i i i
= 0.15- —
[~ Q = 6
S |yt o ' % *g8 Bo 4% 0B 3
G 0% 48 ¥ de . @ -
= 1 S 0.054 o 4
o a8 °
0 T T T T T T T (g' 0.00 T T T T T T T 2 T T T T T T T
1 3 7 14 28 42 56 1 3 7 14 28 42 56 1 3 7 14 28 42 56
Ethanol Exposure (Days) Ethanol Exposure (Days) Ethanol Exposure (Days)
B <0.0001 D <0.0001 F
<0.0001 o 0.5-0.0683 0.0191 <0.0001 ’—‘ o 0.0861
o o
O 0.6+ = = 150
o Q. 0.4 o
i 0.10 r [ *
0.4 = =
x * L 0.3 L i L
S " 2 i ] 2 100 +
2 0.2 . o8 14 i | * 14
S e ¥ g% o8 o 027]e o
~ ~
0.0 T T T T T T T ‘g- 0.1 T T T T T T T %- 50 T T T T T T T
1 3 7 14 28 42 56 1 3 7 14 28 42 56 1 3 7 14 28 42 56
Ethanol Exposure (Days) Ethanol Exposure (Days) Ethanol Exposure (Days)

Figure 11. Rictor /Raptor adaptor molecules. Duplex ELISAs measured frontal lobe levels of (A) Rictor,
(B) Raptor, (C) PS1591_Rictor, and (D) pS792'Rapt0r with results normalized to RPLPO. In addition,
the calculated relative levels of phosphorylated (E) Rictor and (F) Raptor are shown. Inter-group
comparisons (n = 8/group) were made by two-way ANOVA (Tables 6-8) and post hoc Tukey tests.
Software-calculated p-values corresponding to significant (p < 0.05) or statistical trend-wise (italicized;
0.10 < p < 0.05) differences are shown in the panels. Blue = Control; Red = Ethanol-exposed.

4. Discussion

The main goal of this study was to examine the progressive adverse effects of chronic
heavy ethanol exposures on white matter-related pathologies in ARBD over a period span-
ning from 1 day to 8 weeks. The working hypothesis was that the shift from early-stage,
likely reversible, to late-stage ARBD is mediated by alterations in molecular signaling
that mark impairments in glial functions needed to maintain mature white matter myelin.
The delineation of early-stage from late-stage was based on prior evidence that in adult
rats, brain atrophy based on declines in brain weight and white matter myelin staining
pallor is evident after 3 weeks or more of chronic ethanol feeding [44,51]. The analyti-
cal approach included assays to characterize ethanol and exposure duration effects on
myelin/oligodendrocyte protein expression, neuroinflammatory responses, and metabolic
signaling through the mechanistic target of rapamycin (mTOR). The analyses focused
on frontal lobe pathology and white matter degeneration due to their targeted relevance
in ARBD [6,10] and contributions to neurobehavioral dysfunction and cognitive impair-
ment [52]. ARBD severity correlates with the levels and lifetime consumption of alco-
hol [38-40], yet it can be partially reversed by cessation of alcohol exposure [41-44,53-55].
Apart from abstinence, few effective therapeutic measures have been identified that address
oligodendrocyte/glial pathology leading to myelin loss followed by axonal damage [24]
in ARBD. Knowledge Gaps persist. Filling this void could help determine if differential
therapeutic interventions are required for effective management of early-stage versus
late-stage ARBD.
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A limitation of the present work is that it does not include neurobehavioral func-
tion assessments for correlation with the ethanol and time course-related molecular and
biochemical shifts in oligodendrocyte/myelin protein expression and signaling through
insulin/IGF-1/IRS-Akt-mTOR pathways. However, in many previous studies, we deter-
mined that chronic (4 weeks or longer) ethanol exposure via a liquid diet leads to significant
neurobehavioral impairments on the Morris Water Maze, novel object recognition, and
open field tests [20,46,56,57]. Furthermore, apart from impairments in cognitive domains,
chronic ethanol exposure-mediated alterations in oligodendrocye lineage and function
can lead to aberrantly increased drinking behavior associated with enhanced rather than
diminished myelination in mesiotemporal structures such as the nucleus accumbens [58].
In light of the findings in this study, future studies will compare ethanol’s short-term
and long-term exposure effects on neurobehavior and cognitive function to enhance the
translational impact of the work. In previous related studies, we extensively evaluated
the effects of sex as a biological variable in a chronic ethanol exposure model [29,57]. The
main findings were that the females, irrespective of ethanol exposure, were smaller than
males over the entire 9-week time course of the study [29,57], corresponding with other
published works [59,60]. However, there were no significant effects of sex on BAC, brain
weight, neurobehavioral/cognitive performance, or the expression of inflammatory, oxida-
tive stress, or intracellular signaling molecules [29,57]. Therefore, the results obtained from
male and female rats were combined for data analysis.

This study was initiated with rats that were 6 weeks old because over 90% of the
adult brain weight is achieved by that age [61,62], providing an opportunity to monitor
progressive alcohol-related brain atrophy. Of note is that a significant reduction in brain
weight was first detected after 4 weeks of chronic ethanol feeding and persisted to the final
endpoint of the study (8 weeks). This effect was not associated with time-dependent shifts
in blood alcohol concentrations, which remained stable from Day 3 through Day 56, or
changes in liver weight, which never differed significantly between the control and ethanol-
exposed groups. Therefore, other factors must account for brain atrophy, which previous
studies linked to impaired performance on neurobehavioral tests [29,56,57]. On the other
hand, the atrophy linked to duration of chronic ethanol feeding is reminiscent of the human
studies showing that ARBD severity correlates with cumulative lifetime consumption of
alcohol [38-40]. By way of comparison with humans, after Day 1, the blood alcohol levels
(BACs) in the ethanol-fed rats ranged from 70 mg/dL to 322 mg/dL and averaged between
115.7 and 153.2 mg/dL. In humans, impairments in memory, judgment, and balance occur
with BACs between 100 and 200 mg/dL, confusion and disorientation result with BACs
between 200 and 300 mg/dL, and disordered breathing, stupor, and finally coma occur with
BACs above 350 mg/dL [63]. Therefore, the BAC levels were within the range expected to
impair memory as reported previously using this model [20,46,56,57].

The histopathological studies of frontal lobe corpus callosum white matter revealed
only modest reductions in myelin staining intensity during the initial 2 weeks but notable
reductions in myelin staining intensity after 6 or 8 weeks of chronic ethanol exposure.
These observations correspond with previous findings of white matter degeneration in
Long Evans rat alcohol exposure models [44,64] and in humans with alcohol use disor-
der [10,39,65-67]. In humans, neuroimaging studies have shown distinct abnormalities
in white matter integrity in ARBD [39,54,65,68-70]. In addition, biochemical analyses
have linked white matter ARBD in rats and humans to alterations in myelin lipid content
and composition [71-75]. Damage to white matter myelin has also been linked to ax-
onal degeneration, loss of oligodendrocytes, and increased fibrillary astrocytes [6,10,14,64].
The potential role of neuroinflammation was investigated by measuring proinflammatory
cytokines and chemokines in frontal lobe tissue. Contrary to previous expectations, we
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did not observe significant pro-inflammatory responses in the ethanol-exposed brains.
Instead, at the Day 7 endpoint, we detected significant reductions in cytokine/chemokine
expression, and otherwise, the inflammatory indices were similar in control and ethanol
samples. Therefore, it is unlikely that neuroinflammation was the critical factor govern-
ing brain atrophy and white matter degeneration. These findings are discordant with
other reports demonstrating significant neuroinflammatory responses in alcohol-exposure
models [76,77]. However, notable differences in the study designs were that robust neu-
roinflammation was reported in younger-developing or adolescent rats models [78-80]
and when the ethanol exposures were binge, chronic + binge, or associated with other
deleterious exposures [81,82]. This suggests that factors contributing to ethanol-mediated
neuroinflammation include host susceptibility related to the host maturation stage and
bolus delivery of high neurotoxic doses of ethanol.

Frontal lobe white matter glial proteins exhibited distinctly patterned time course and
ethanol exposure x duration interactive effects that delineated early responses within the
initial two weeks from later responses after 4 weeks. For the most part, the expression
levels of non-myelinating (CNPase, PLP, PDGFRA, and GalC) and myelinating (MAG1,
MOG, and MBP) molecules were increased during the early or short-duration ethanol
exposures but inhibited after prolonged chronic exposure. Inhibition of myelin/glial
protein expression has been reported for chronic ethanol exposure models [18,55,83] and in
the brains of humans with alcohol use disorder [84], but their up-regulation in the acute to
subacute intervals was not previously demonstrated. Although the study was designed
to study adult brains and minimize the effects of development, time course studies in
rodents cannot exclude normal age-associated contributions [83,85]. Correspondingly,
the declines in immunoreactivity between Day 1 and Day 14 in both the control and
ethanol-exposed groups and the generally higher levels of myelin glycoprotein expression
at the 4-week and beyond endpoints most likely reflect normal shifts in oligodendrocyte-
myelination functions linked to adult brain maturation [83,86]. However, the paired
timepoint analyses suggest that ethanol significantly altered these normal trajectories by
enhancing protein expression in the acute to subacute phases and suppressing responses in
later chronic phases.

Previous experiments conducted in 3-week and 8-week chronic + binge ethanol ex-
posure models also demonstrated ethanol-related alterations in the expression of myelin
-oligodendrocyte glycoprotein immunoreactivity or mRNA [55]. Superimposed binge
ethanol administration resulted in more striking inhibitory shifts in myelin glycoprotein
expression compared with lower moderate and chronic exposures. Importantly, ethanol’s
effects were also linked to significant alterations in myelin lipid phospholipid and sphin-
golipid composition, which were detected within 3 weeks of exposure and further shifted
by the 8-week time point [44]. As observed in the present study, ethanol exposure-duration
worsened the severity of white matter atrophy and markedly reduced myelin staining [44].
Therefore, ethanol-mediated shifts in oligodendrocyte-myelin glycoprotein expression are
associated with significant alterations in myelin lipid composition and white matter atrophy
which occur within the timeframe of cognitive impairment. The earlier studies showed that
abstinence only partly reversed the myelin lipid abnormalities [44], marking a difficult-to-
reverse chronic disease state. However, in a later study, treatment with myriocin, a ceramide
inhibitor, partially resolved ethanol’s inhibitory effects on sphingomyelin expression and
the impairments in neurobehavioral function [56]. Although there is no immediate explana-
tion for these observed transitions from early-phase to late-phase ethanol-associated effects
on oligodendrocyte-myelin protein expression, we hypothesize that multiple signaling
pathways including Notch [87] also become dysregulated, perhaps via epigenetic medi-
ators [84,88]. Furthermore, the early activation or up-regulated oligodendrocyte-myelin
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glycoprotein expression likely reflects neurotoxic injury caused by acute ethanol exposure,
whereas the later inhibitory effects correspond to the establishment of long-term white
matter myelin pathology linked to brain atrophy as observed herein. Additional studies
are needed to directly address the underlying mechanistic questions.

Astroglial (nestin, vimentin, GFAP) protein expression also exhibited two distinct
trajectories corresponding to the early (initial 2 weeks) versus late (last 6 weeks) phases
of the study. Nestin, vimentin, and GFAP were initially expressed at lower levels and
either gradually increased (Nestin and Vimentin) or remained stable (GFAP) from Day 1
to Day 14. Subsequently, the expression levels shifted upward and either remained stable
(Nestin and Vimentin) or progressively declined (GFAP). Most of the intergroup differences
corresponded to trend effects, except for the significantly lower expression of Vimentin on
Day 56 and GFAP on Day 28. Nonetheless, like the oligodendrocyte/myelin proteins, the
early-phase component of the study was associated with relatively increased expression
of Nestin, Vimentin, and GFAP in the ethanol-exposed samples, whereas in the long-term
period, Vimentin and GFAP were reduced at experimental endpoints Days 28 and 56. The
ethanol-mediated late-phase reductions in vimentin and GFAP are of interest because astro-
cytes provide structural/architectural support for ensuring blood-brain barrier integrity
and mediating CNS synaptic plasticity and regeneration [89-91]. Alcohol exposures impair
the blood-brain barrier integrity [92-94] and synaptic plasticity [95]. The findings herein
suggest that the transition from acute/subacute to chronic phases of ARBD is mediated in
part by the emergence of astroglial functional impairments. Additional studies are needed
to identify the “switches” that trigger the onset of the ARBD neurodegeneration cascade.

A major goal of this study was to characterize the early- versus late-stage effects of
heavy ethanol consumption on the insulin/IGF-1-Akt-mTOR pathway in relation to brain
atrophy. This research direction was guided by evidence that mTOR networks support
oligodendrocytes and myelination [30,33,96,97] and that they are impaired by chronic
alcohol exposure [27-29,98]. The knowledge gap pertains to understanding the time course
of progressive alterations in signaling because, for the most part, previous experiments were
conducted using single-endpoint exposure models. The main effects observed with respect
to the upstream and intermediate components of the pathway were that the expression
levels progressively declined over the 8-week time course. Although, by 6 weeks of age,
the rat brain nearly achieves its full adult size [24], its continued enlargement over the time
course of this study reflects ongoing maturation, mainly due to increased white matter
myelination. The very early, primarily Day 1 response to ethanol, in which the mean levels
of insulin R, IGF-1R, PS¥73_Akt, PS21_GSK-3a, and PS?-GSK-3p were increased, favored pro-
growth and pro-survival signaling, possibly reflecting adaptive/compensatory responses
to ethanol’s acute neurotoxic effects. It is also noteworthy that the shifts in phosphoprotein
expression mainly accompanied concordant changes in the non-phosphorylated proteins,
suggesting that ethanol’s early effects on pathway activation were largely driven by changes
in protein expression rather than selective increases or reductions in phosphorylation state.
This point is reinforced by the largely absent significant or trendwise effects of ethanol
exposure on the levels of relative signaling molecules phosphorylation.

The notable long-term effects of ethanol, including significant reductions in IGF-1R,
GSK-3«, and PS21-GSK-3cx on Day 42, and GSK-3f and P-GSK-38 on Day 56, would likely
have produced mixed rather than predominantly pro- and anti-metabolic/growth/survival
effects. Overall, the inhibitory effects of chronic ethanol exposure on the upstream and
midstream signaling mechanisms in the insulin/IGF-/IRS/ Akt pathway in the adult brain
were relatively modest compared with the findings in developing postnatal and adolescent
brains, which exhibit prominent impairments in signaling at multiple levels within the
cascade [20,46,51,99]. Those differences reinforce the concept that the immature CNS is
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substantially more vulnerable than the adult brain is to the neurotoxic and degenerative
effects of ethanol. In addition, the findings suggest that the underlying mechanisms of
ARBD differ in mature adult versus immature brains, yet CNS white matter is targeted
in both. Further probing of downstream mediators was conducted to determine the
mechanistic role of dysregulated mTOR signaling in relation to brain atrophy in ARBD.
Analysis of the mTOR pathway revealed ethanol exposure and time course-dependent
declines in TSC, mTOR, RPS6, and P70S6k proteins, without parallel reductions in the corre-
sponding phosphoproteins. As observed for the other signaling molecules, ethanol broadly
increased the levels of these proteins and their respective phosphoproteins at endpoint Days
1 and/or 3. In contrast, the 6- and 8-week experimental endpoints were associated with re-
duced mTOR-P70S6K signaling, marked by significant reductions in mTOR, PS?448.-mTOR,
P70S6K, and PT412-P70S6K. Of note is that RPS6 protein and phosphoprotein were not sig-
nificantly altered by ethanol. Further analysis showed that chronic heavy ethanol exposures

PS131_Rjctor,

were associated with significantly increased frontal lobe expression of Rictor,
Raptor, and PS?2-Raptor at the Day 42 and Day 56 experimental endpoints. These observa-
tions provide new and highly relevant information about the mechanisms of brain atrophy
and white matter degeneration in ARBD. Rictor and Raptor are critical components of the
mTORC1/2 complexes and serve to stimulate downstream signaling through P70S6K and
RPS6 [100-102]. However, Serine phosphorylation of Rictor/Raptor inhibits mTORC [103].
Ethanol-mediated increases in the total and phosphorylated levels of both Rictor and Rap-
tor, together with inhibition of mTOR and PS?#48-mTOR, likely impaired mTOR/mTORC
signaling, as was evidenced by the sharp reductions in P70S6k and PT#12-P70S6K.

Given the critical roles of mTOR signaling for ongoing myelination, myelin main-
tenance, oligodendrocyte function [28,30,33,96-98], synaptic plasticity [104-108], and
metabolism [36,109,110], the long-term chronic ethanol-associated inhibitory effects on
this pathway could account for the associated broad reductions in myelin glycoprotein
expression and white matter myelin staining. The finding of long-term inhibitory effects of
ethanol on mTOR signaling in the brain is consistent with our previous observations in a
chronic moderate-dose ethanol-exposure model in adolescent rats [29]. The consequences
likely included white matter atrophy, which has been well documented following chronic
ethanol exposure [8,10,44,56,67,87,111]. Intact signaling through mTOR/mTORC /P70S6K
is crucial for maintaining oligodendrocyte functions required for white matter integrity,
together with a broad range of cellular processes related to neuronal plasticity, RNA trans-
lation, cell survival, energy, and mitochondrial function [28,100,101,112]. Impairments of
mTOR/mTORC signaling cause oligodendrocyte dysfunction, compromising myelination
and myelin homeostasis [33,97,113]. In the present study, we observed significant chronic,
long-term /late-phase ethanol exposure-associated inhibition of mTOR signaling with re-
ductions in phospho-mTOR, increased Raptor and Rictor phosphorylation, and reduced
activation of P70S6K, which were not present during the early phases of ethanol exposure.
These findings suggest that the critical factor governing transition from acute/subacute
to chronic ARBD is the establishment of sustained mTOR pathway inhibition through
mTORC1, mTORC2, and P70S6K. However, the significance of the findings herein could be
strengthened by mechanistic experiments that directly assess the impact of mTOR inhibition
on oligodendrocyte/myelin protein and mRNA expression in the context of chronic ethanol
exposure. Nonetheless, the information gained from this research together with earlier
publications highlights the need to develop novel strategies to support mMTOR/mTORC
signaling to prevent white matter ARBD. It is also noteworthy that similar white matter ab-
normalities have been linked to Alzheimer’s disease [114], suggesting that mMTOR/mTORC
targeted therapeutic interventions may benefit other neurodegenerative diseases in which
white matter degeneration is a dominant feature.
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5. Conclusions

This study characterized the progressive nature of ARBD starting from a very early
period (1 day exposure) and ending after 8 weeks of chronic high-dose ethanol feeding in
adult Long Evans rats. One of the main goals was to delineate the differential effects of
short-term versus long-term ethanol exposure to identify critical factors linked to sustained
atrophy, white matter degeneration, and neurobehavioral dysfunction. The hope was
that time course and pathophysiological factors linked to chronic, difficult-to-reverse
brain atrophy would be determined, enabling guidance with respect to future monitoring,
therapeutic and preventive measures. The investigations clearly delineated the effects
of early and short-term versus long-term chronic effects of heavy alcohol exposure in
that the early period in which brain atrophy and white matter myelin loss were minimal
was associated with activation of oligodendrocyte and insulin/IGF/Akt-mTOR pathways,
whereas the chronic phase, coinciding with brain atrophy and white matter degeneration,
was marked by impaired signaling through mTOR. Among the major strengths of this
article is that the analyses attended to progressive, multipronged brain pathologies over a
broad timeframe, rather than a single time point. Although the studies were focused on one
brain region, prior investigations included other structures such as the temporal lobe with
hippocampus and the cerebellum. Neurobehavioral function tests were not utilized because
the outcomes have already been well documented in our model, and our primary goal was
to emphasize the mechanisms of chronic ARBD and identify differences between the early
and late-stages of progressive disease. Future studies will examine time course-dependent
effects of ethanol on myelin profiles, given the important roles membrane lipids have in
maintaining the structural and functional integrity of white matter across the lifespan.
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