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Abstract: Wernicke-Korsakoff syndrome (WKS) is induced by thiamine deficiency (TD) and mainly
related to alcohol consumption. Frontal cortex dysfunction has been associated to impulsivity and
disinhibition in WKS patients. The pathophysiology involves oxidative stress, excitotoxicity and in-
flammatory responses leading to neuronal death, but the relative contributions of each factor (alco-
hol and TD, isolate or in interaction) to these phenomena are still poorly understood. A rat model
was used by forced consumption of 20% (w/v) alcohol for 9 months (CA), TD hit (TD diet + pyrithi-
amine 0.25 mg/kg, i.p. daily injections the last 12 days of experimentation; TDD), and both combined
treatments (CA+TDD). Motor and cognitive performance and cortical damage were examined. CA
caused hyperlocomotion as a possible sensitization of ethanol-induced excitatory effects and recog-
nition memory deficits. In addition, CA+TDD animals showed a disinhibited-like behavior, which
appears to be dependent on TDD. Also, combined treatment led to more pronounced alterations in
nitrosative stress, lipid peroxidation, apoptosis and cell damage markers. Correlations between in-
jury signals and disinhibition suggest that CA+TDD disrupts behaviors dependent on the frontal
cortex. Our study sheds light on the potential disease-specific mechanisms, reinforcing the need for
neuroprotective therapeutic approaches along with preventive treatments for the nutritional defi-
ciency in WKS.
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1. Introduction

Alcohol is one of the most widely used psychoactive drugs worldwide, whose con-
sumption originates major public health problems in our society, including an alcohol use
disorder (AUD) (reviewed in [1]). The confluence of nutritional deficiency in AUD pa-
tients is of particular interest, specifically in the case of thiamine deficiency (TD), as this
can result in Wernicke-Korsakoff Syndrome (WKS). WKS is often characterized by ataxia,
oculomotor disturbances, severe memory impairment, global confusion, executive dys-
function and apathy, mainly seen in chronic alcohol consumption cases. Ethanol affects
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thiamine bioavailability by multiple mechanisms such as reducing effective absorption,
causing defective phosphorylation (thiamine diphosphate is the metabolically active form)
and reducing thiamine storage in the liver because of an alcoholic liver disease [2]. Ap-
proximately 75% of TD cases are undiagnosed in AUD patients (reviewed in [3]). Other
causes inducing the pathology, independent of alcohol, include chronic malnutrition
caused by prolonged fasting and hyperemesis gravidarum, bariatric and gastrointestinal
surgeries, acute pancreatitis, hemodialysis, etc. [4,5].

Thiamine is central to the preservation of the myelin sheath, neurotransmitter syn-
thesis and cellular energy reserves. Impaired oxidative metabolism in TD due to de-
creased activity of thiamine-dependent enzymes leads to a multifactorial cascade of
events in the brain that include focal decreases in energy status, decreased glucose utili-
zation, lactic acidosis, blood—-brain barrier disruption, astrocyte dysfunction, glutamate-
mediated excitotoxicity, amyloid deposition, oxidative stress and inflammation [6].

WKS patients have obvious cognitive and motor dysfunction, requiring heavy de-
pendence to complete daily life activities. The most apparent neuropsychological deficits
are memory alterations. However, these alterations are not the only ones, and on many
occasions they are not the most limiting. The important alterations that they suffer in the
field of affectivity and executive functions are much more devastating than memory prob-
lems. These patients frequently show affective flattening and lack the drive to start activ-
ities, which implies a loss of spontaneity and initiative [7,8]. Poor risk assessment and
altered behavioral inhibition are also frequently encountered [9]. Disinhibition is a debil-
itating problem leading to impulsive and socially inappropriate behavior [10]. Thus, the
set of neuropsychological characteristics indicated suggests a dysfunction of the frontal
structures. There are several neuroimaging studies that indicate alterations in the frontal
lobes of patients with WKS [11-14]. The marked apathy and lack of initiative observed in
patients with WKS has also been found in many subjects with frontal injury [15].

Likewise, evidence indicates that the frontal cortex is important in behavioral inhibi-
tion, including cognitive processes, social behavior, and inhibition of motor responses.
Damage to the frontal cortex lowers performance in executive control tasks, most likely
by disrupting inhibition [10].

The frontal cortex is a structure vulnerable to damage by both alcohol and TD, as it
has been described in previous studies (reviewed in [16]), including some of our research
group [17,18].

In uncomplicated AUD patients and comorbid AUD patients with WKS, the prefron-
tal cortex is more vulnerable to chronic ethanol exposure than other cortical regions [19],
as there are decreases in neuron density (15-23%) [20], shrinkage of frontal lobe volume
[21], and decreased metabolic rate (reviewed in [16]). Similar neuropathological changes
in frontal cortex have been detected in non-alcoholic WKS patients [22].

Phenomena such as oxidative/nitrosative stress, lipid peroxidation, excitotoxicity
and inflammation have been associated with cell damage and neurodegeneration induced
by chronic alcohol and TD in this brain region (reviewed in [1,16]).

Thus, both ethanol toxicity and TD result in cortical damage and cognitive problems,
but the relative contributions of each factor to these phenomena and the underlying mech-
anisms are still poorly understood.

Here, we examined the effects of chronic alcohol exposure (9 months), TD diet and
the combination of both in neurotoxic parameters (nitrosative stress, lipid peroxidation,
apoptosis and cell damage) in frontal cortex and in behavioral tasks that are highly de-
pendent on this brain region, to further understand the independent effects of each treat-
ment and how they interact.

2. Materials and Methods
2.1. Animals and housing

Male Wistar rats (Envigo®©, Barcelona, Spain) (n = 50), weighing 100-125 g at arrival
(postnatal day [PD] 28, approximately) were used. Animals were housed in groups of 2—
3 per cage and maintained at a constant room temperature (21 + 1°C) and humidity (60 +
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10%) in a reversed 12 h dark-light cycle (lights on at 8:00 p.m.). Standard food and tap
water were available ad libitum during an acclimation period of 12 days prior to experi-
mentation and then rats were randomly assigned to the experimental groups. Thus, ani-
mals began the experiments when they were around PD 40 (adolescent period). The num-
ber of animals in the alcohol and TD groups was slightly higher to control groups for the
possible loss of experimental subjects.

All procedures followed ARRIVAL guidelines and were adhered to the guidelines of
the Animal Welfare Committee of the Complutense University of Madrid (reference:
PROEX 312-19) in compliance with the Spanish Royal Decree 53/2013 and following the
European Directive 2010/63/EU on the protection of animals used for research and other
scientific purposes.

2.2. Experimental Groups

In order to explore the different conditions that contribute to developing WKS, the
following experimental groups were used:
e Chronic alcohol (CA)

A protocol based on Fernandez et al. (2016) [23] was employed. The ethanol solution
was prepared from ethanol 96° (Iberalcohol S.L., Madrid, Spain) in tap water, to the ap-
propriate v/v. All rats had limited access to a single bottle, so the alcohol groups were
exposed to forced consumption of an ethanol solution (20%, w/v) as the sole source of
liquid. Alcohol was gradually introduced using a “fading on” procedure: ethanol exposure
started at 6% for 5 days, followed by another 5 days at 9%, 5 days at 12%, 2 days at 16%
and finally reached 20%, maintained during the 36 weeks of duration of the experiment.
CA rats (n =9) were provided with standard food ad libitum throughout the treatment.

e TDdiet (TDD)

Since the beginning of the study, rats of TDD group (n = 9) had access to a single
bottle with tap water and were fed with the standard food, but the last 12 days of the
experiment, the chow was replaced by a thiamine-deficient diet (residual thiamine level
in diet <0.5 ppm; Teklad Custom Diet, Envigo, Madison,WI, USA), in conjunction with
daily pyrithiamine hydrobromide (thiamine pyrophosphokinase inhibitor) injections
(Sigma Aldrich, Madrid, Spain; 0.25 mg/kg; i.p.) (WKS Pre-Symptomatic Model (PSM) pro-
tocol in [18]).

e Chronic alcohol combined with TD diet in the last days of treatment (CA + TDD)

The rats received the same alcohol treatment as the CA group, and just like the TDD
group, the last 12 days of the experiment, the standard food was replaced by the thiamine-
deficient diet in conjunction with daily pyrithiamine hydrobromide injections (0.25
mg/kg; i.p.) (n=10).

Furthermore, we included three control groups to monitor the alcohol and TD variables:
e Chronic alcohol with oral thiamine supplementation (CA + T)

We included a group receiving chronic alcohol with thiamine supplementation to
deduce whether the effects of long term alcohol exposure can be ameliorated with prophy-
lactic treatment (n = 8).

Since it is a chronic supplementation with thiamine, the route of administration cho-
sen was oral, to avoid stress and discomfort of the animals produced by another type of
procedure, such as daily injections for long periods of time. The pharmacological dose of
thiamine hydrochloride (Sigma Aldrich, Madrid, Spain) chosen was of 0.2 g/L, taking as
reference the ethanol exposure studies [24-28]. The drink containing 20% (w/v) of alcohol
was mixed with the thiamine, as the sole drinking fluid for the 36 weeks of the experiment.


https://doi.org/10.20944/preprints202111.0484.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 November 2021 d0i:10.20944/preprints202111.0484.v1

e Drinking water with oral thiamine supplementation (C+ T)

Appropriate control subjects also received the same dose of 0.2 g/L of thiamine in the
water throughout the experiment (1 = 6).

Since no significant changes were found in any of the variables analyzed, the data
corresponding to the CA+T and C+T groups are not shown in the results, as will be ex-
plained later.

e Drinking water with standard chow (C)

Rats in the control group had access to a single bottle with tap water and standard

chow ad libitum for the entire duration of the study (n = 8).

2.2.1 Experimental procedures

During the last 12 days of TDD protocol, the remaining animals (CA, CA+T, C+T, C)
received equivalent daily injections of saline (i.p.) to reproduce the same stress conditions
in all animals.

Body weight of all animals was recorded weekly (every Monday, Wednesday and
Friday), except during the final TDD protocol, where TDD and CA+TDD rats were
weighed daily. Likewise, TD diet intake was also measured for these groups on those 12
days.

The volume of the bottles was measured and replenished every Monday, Wednesday
and Friday. Additional bottles with the ethanol solution and tap water were included to
control for spillage and evaporation during throughout the experiment. The grams of eth-
anol per kilogram of body weight was determined by the following formula: ([milliliters
of ethanol consumed (loss control subtracted)] x the percent concentration of ethanol x the
density of ethanol/ weight of the animal). Average daily ethanol consumption was deter-
mined by dividing the weekly consumption by seven days across the ethanol exposure
phase.

Forced Consumption Ethanol (EtOH) 20% for 36 weeks (9 months)

Drinking water with standard chow (C) | H.O |
i avorot )
i’ Drinking water with oral thiamine supplementation (C + T) | H;O +Oral thiamine 0,2 g/L.
1
i\ Chronic alcohol with oral thiamine supplementation (CA + T) | EtOH + Oral thiamine 0,2 g/L

Chronic aleohol combined with TD diet (A + T D) [ T N asT2DaYs |

Thiamine Deficient Diet +

TD diet (IDD) | H.0 Pyrithiamine 0,25 mg/kg ip.
v v v
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BECs BECs - 1
Thiamine levels Thiamine levels -7 1
-
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Figure 1. Experimental design: timeline of treatments and behavioral testing. Body weight and water (H20)/ethanol (EtOH) con-
sumption were recorded throughout the entire experiment and the TD diet intake during the last 12 days. BECs: Blood Ethanol Con-
centrations; NSS/NBS: Neurological examination; SAT: Spontaneous Alternation Task; OFT: Open field Test; NOT: Novel Object Recognition
Test; EPM: Elevated Plus Maze.

2.3. Blood Ethanol Concentrations (BECs) and thiamine measurements

During the chronic alcohol protocol, initial, intermediate and final measurements of
BEC and thiamine were performed in all animals. Blood samples were collected from the
tail in the weeks 4 and 12 of the experiment, and the final measurements were performed
from trunk blood. Heparin (5% w/v) was used as anticoagulant, and plasma was obtained
by blood centrifugation.

Ethanol levels were determined by using electrochemical detection of an enzymatic
reaction with an AM1 Alcohol Analyzer (Analox Instruments, London, UK), and also by
using the EnzyChrom™ Ethanol Assay Kit (BioAssay Systems, ECET-100) according to the
manufacturer’s protocol.

Thiamine was measured using an Enzyme-linked Immunosorbent Assay (ELISA) Kit
for Vitamin B1 (VB1) (Cloud-Clone Corp.), following the manufacturer’s instructions.

2.4. Behavioral Assessment

We focused on the evaluation of motor and cognitive domains, as we did in previous
studies of WKS [18]. The time-course of behavioral assessments, appropriately scheduled
not to interfere between them, is depicted in Figure 1. Behavioral tests were performed at
least 1 h after any pharmacological treatment and were separated by a sufficient time in-
terval to avoid interferences. Animals were evaluated following an alternation of experi-
mental groups in all tests. All apparatus were carefully cleaned with ethanol (15%, w/v)
between trials to remove possible odor cues. Analyses of behavioral test that were not
computerized were performed by a double-blind protocol to ensure the reliability of the
results.
e Neurological assessment

Motor and sensorial affectations, reflexes, walking and exploratory behavior in the home
cage were evaluated by using the Neurological severity (NSS) and Neurobehavioral (NBS)
scores, according to our previous studies [18]. This evaluation was carried out especially
for the possible effects of the TD diet treatment. Therefore, all the animals were monitored
on day 1, 6 and 12 of the TDD protocol.

e Motor function: locomotion

The Open-field test (OFT) provides simultaneous measurement of locomotion and dis-
inhibition-like behavior [29]. The apparatus is a square black box (80 cm x 80 cm x 42 cm)
with the base divided into 6x6 cm equal squares with legible white lines. Each rat was
placed at the corner of the floor at the beginning of the trial, allowing the animal to freely
move and explore the platform surface for 5 mins. Specific behavior parameters were reg-
istered using an automatic monitoring system (Smart software v. 2.0.14, Panlab). The gen-
eral locomotor activity has been represented by the total distance travelled (cm) and the
walking speed (cm/s).

The Spontaneous Alternation Task (SAT) also evaluated locomotor activity. The test
was carried out in a symmetrical Y-shaped maze, constructed of opaque black polyvinyl
chloride (PVC). Each arm (40x15x30cm) forms an angle of 120° with the next, and they are
equipped with visual signs on the walls. The testing room was dimly lit by a white lamp
with luminosity between 15 and 17 lux. Each rat was allowed to freely explore the three
arms of the maze for 8 min and the trials were video-recorded. The total number of arm
entries was registered, considering an arm entry whenever a rat entered the arm with the
four paws.
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o Cognitive domain: disinhibition-like behavior and memory

We also used the OFT to evaluate disinhibition. The open-field exposure paradigm
is based on a conflict between the internal drive to explore a novel environment (based on
the potential for rewarding outcomes) versus the internal drive to avoid a novel environ-
ment (based on the potential for aversive outcomes). Behavior in the OFT is influenced by
various factors, including the level of illumination of the open-field arena. Bright light can
be used as an aversive stimulus in the open-field paradigm leading to an increase in avoid-
ance behaviors. Rodents are nocturnal and tend to avoid brightly lit places. Here, we per-
formed the test under white light conditions (50-60 lux). In addition, rodents also avoid
wide-open spaces and instead remain close to vertical references such as walls [30]. The
platform surface was virtually divided into two regions, the center (inner zone) and the
edges (in contact with the walls). Disinhibited rats show a lack of environmental aware-
ness by spending more time in the arena center. The percentages of time spent and dis-
tance travelled in the inner zone compared to the total have been represented.

The Elevated Plus Maze test (EPM) is probably the most popular animal model of
anxiety [31]. This model is based on a fear/curiosity balance towards novelty. When the
typical rat behavior, with appropriate anxiety and general avoidance of open areas is al-
tered, a disinhibited response could be observed [32,33]. The EPM is made of two black
and grey plastic open arms (50x10 cm) and two perpendicular closed arms of equal length
and width but with 50 cm high opaque walls. A central area of 10 cm? connected all arms.
The platform was elevated 65 cm above the floor. When rats are placed in this test appa-
ratus, they exhibit a strong preference for the closed-arms, indicating a fear reaction to-
wards the open arms. This reaction is interpreted as accounting for anxiety [31]. Several
factors may also influence the behavioural baseline (i.e., the open/total arm entries ratio),
the ambient light intensity being amongst the most effective ones. Increasing the ambient
illumination induces increased anxiety responses in the EPM. Here, we manipulated the
intensity of anxiogenic stimuli by exposing them under white light of 55 lux conditions.
The homogeneity of the light intensity was settled at the centre of the maze and at the
extremity of the four arms by using a Luxmeter. The maximal difference measured be-
tween all parts of the maze never exceeded 5 lux. At the beginning of a test, each rat was
placed on the central platform facing a closed arm and opposite to the experimenter posi-
tion. Then, the animal was allowed to explore freely the maze for 5 min. The number of
entries and time spent in the open arms / the total arms (open and closed arms) were
determined by a computer-controlled system recording the interruptions of infrared
photo beams located along each arm. An entry in a given arm was counted when the rat
had completely entered the arm (4 paws + tail in the arm). Data were analysed by using
the MAZEsoft software (Panlab, Barcelona, Spain).

The SAT also evaluated spatial working memory based on a natural tendency of rats
to explore the less recently visited Y-maze arm [34]. Spontaneous alternation (successive
entries into the three arms in overlapping triplet sets) index was calculated as the ratio of
actual to possible alternations [(number of actual alternations/(total number of arm en-
tries-2)] x 100] [35].

The Novel Object Recognition Test (NOT) analyzed possible impairments in the short-
term recognition memory. The task was performed in a square arena (80x80x42 cm) with
black matte-painted walls and a bright black wooden floor and divided by white painted
lines into 25 squares (6x6 cm). The arena was subdivided into 4 equal sections, allowing
the evaluation of 3-4 animals simultaneously. The NOR was carried out in accordance
with previous studies [35] with some minor modifications. The test was performed in low
light conditions (white light, 20 lux) and organized in three phases: Habituation (time=0),
Training Phase (Pre-Test) and a Test Session 4h after the Training Phase. During the ha-
bituation period, animals were allowed to freely explore the arena (without objects) for 5
min. On the Training Phase, two identical objects (glass bottles, the familiar objects (F) in
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the Test Session) were located in opposite corners of the arena and rats were allowed to
freely explore them for 3 min. In the Test Session, 4h after the Training Phase, one of the
familiar objects (F) was replaced by a novel object (N1, green ashtray), and animals were
allowed to explore both objects for 5 min. The objects with similar dimensions were se-
lected, and their positions in the arena alternated in order to avoid possible place prefer-
ences. At the beginning of each session, the animals were placed in the corner of the ap-
paratus facing the wall opposite to the objects. Both Training and Test Sessions were video
recorded (Sony DCRDVD310E, Spain). Exploration of an object was considered whenever
animals pointed their nose toward an object at a distance <1 c¢cm, while turning around,
climbing and/or biting the objects was not considered as exploration. The time that ani-
mals spent exploring the objects during the test sessions, as well as the latency to first
explore the novel object were registered. The discrimination index (DI) was calculated as
the difference between the time spent exploring the novel object (N) and the familiar one
(F1 or F2) in relation to the total time spent exploring the objects [(N - F)/(N + F)]. Negative
values of the discrimination index were considered null.

2.5. Blood and tissue samples collection

The day 12 of TDD protocol, at least 1 h after treatment administration, animals were
decapitated after lethal injection of sodium pentobarbital (320 mg/kg, i.p., Dolethal®,
Vétoquinol, Spain). Blood for plasma determinations was collected from the trunk with
tubes containing heparin (5% w/v, 1 vol heparin per 9 vol blood) as anticoagulant. Plasma
was obtained from blood samples by centrifuging at 1000 g for 15 min at 4°C. All plasma
samples were stored at -80°C until assayed. Brains were immediately isolated from the
skull, discarding meninges and blood vessels, and the frontal cortex (area between
Bregma +4.7 and + 1.2 mm aprox.) excised and frozen at -80°C until assayed.

2.6. Protein assay
Protein levels were measured by Bradford’s method (Bradford 1976) based on the
principle of protein-dye binding.

2.7. Western Blot Analysis

Frontal cortex samples were homogenized by sonication in PBS (pH =7.4) mixed with
a protease inhibitor cocktail (Complete, Roche®, Madrid, Spain) in a dilution 1:3 (w/v),
followed by centrifugation at 13000 rpm for 10 min at 4°C. After adjusting protein levels,
homogenates were mixed with Laemmli simple buffer (Bio-Rad®, Alcobendas, Madrid,
Spain) containing -mercaptoethanol (50 uL/mL of Laemmli), to get a final concentration
of 1 mg/mL, and 15-20 uL was loaded into an electrophoresis gel. Proteins were blotted
onto a nitrocellulose membrane (Amersham Iberica®, Madrid, Spain) with a semidry
transfer system (Bio-Rad), incubated with specific primary and secondary antibodies (see
Table 1) and revealed by using an ECL™-kit (Amersham Iberica, Madrid, Spain). Autora-
diographs were quantified by densitometry (NIH Image]® software, National Biosci-
ences, Lincoln, Nebraska USA) and expressed as optical density (O.D.). In all Western blot
analyses, the housekeeping [-actin protein was used as loading control.

Each blot contained different biological replicates per group and three blots were run
in separate assays. Results represent the average of the 3 technical replicates. Blot images
above the results graphs were always taken from the same gel. Samples from all experi-
mental groups were always loaded randomly. For this reason and in order to follow the
same order of group presentation in the graphs along the manuscript (and excluding
groups reported only in supporting information), some bands were spliced in the figures.
Original images of uncropped blots can be visualized in the mandatory Supporting Infor-
mation files.
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Table 1. Specific antibodies used in Western blotting to detect proteins of interest.

Protein Primary antibody’ Secondary antibody
Lipid peroxidation marker
4-HNE 1:1000 BSA 3% Mouse (1:2000)
MAB3249 R&D Systems
Cell damage markers
HSP70 1:1000 sc-1060 Goat (1:4000)
HSP60 1:1000 sc-13966 Rabbit (1:2000)
HMGB1 1:1000 sc-56698 Mouse (1:2000)
Apoptosis markers
Caspase 3 1:500 sc-56053 Mouse (1:2000)
Caspase 8 1:400 sc-81656 Mouse (1:2000)
Caspase and pro-9 1:500 BSA 1% sc-56076 Mouse (1:2000)
Nitrosative stress marker
iNOS 1:500 BSA 2% sc-650 Rabbit (1:2000)
Housekeeping
[-actin 1:10000 A5441 Sigma Mouse (1:10000)

Dilutions and references (codes). Abbreviations: [4-HNE: 4-Hydroxynonenal; HSP70/HSP60: heat shock protein 70/60;
HMGB1: high mobility group box 1 protein; iNOS: inducible oxide nitric synthase; BSA: Bovine serum albumin; sc:
Santa Cruz Biotechnology]. Sources of secondary antibodies: Anti-Mouse IgG, HRP-linked whole Ab (from sheep) (GE
Healthcare, ref. NXA931); Anti-Goat IgG (whole molecule)-Peroxidase antibody produced in rabbit (Sigma-Aldrich, ref.
Ab5420); Anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, HRP conjugate (from donkey) (ThermoFisher Sci-
entific, ref. 31458).

2.8. Plasma nitrites (NOx) levels

As the stable metabolites of the free radical nitric oxide (NO-), NOz were measured
by using the Griess method [36]. In an acidic solution with 1% sulphanilamide and 0.1%
N-(1-Naphthyl) ethylenediamine (NEDA), nitrites convert into a pink compound that is
photometrically calculated at 540 nm in a microplate reader. The results were expressed
as percentage of control.

2.9. Statistical Analysis

Data, expressed as mean + S.E.M, were analyzed by two-way ANOVA (with repeated
measures for weight and consumption data) when normality was verified, otherwise by
Kruskal-Wallis test. Homocedasticity was checked by Barlett’s test and data transformed
(sqrt) when appropriate. In the ANOVA, Bonferroni post hoc test were used when appro-
priate. Outliers were analyzed using the Grubbs’ test. Correlations between behavioral
and biological measures were assessed by Pearson’s and linear regression analyses. To
account for multiple testing in the correlations, we adjusted the p-values by controlling
the false discovery rate (FDR), which was set to 0.05 and assessed with the Benjamini-
Hochberg procedure. This type of correction allows restricting the occurrence of false-
positive findings (type I error) among all nominal significant findings. A p value <0.05
was set as the threshold for statistical significance in all statistical analyses. The data were
analyzed using GraphPad Prism version 8.0 (GraphPad Software, Inc., La Jolla, CA, USA).

3. Results
3.1. Weight and consumptions

3.1.1. Body weight throughout the 36 weeks of experiment and TD diet intake

All rats gained weight during the course of the experiment (Figure 2A; two-way re-
peated measures (RM) ANOVA; interaction between factors (time x treatment), F (2 ¢8) =
7.006, p=0.0017; and main effects of time: F (1,122,315 = 1360, p<0.0001 and treatment: F ¢, 34

8
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= 27.43, p<0.0001; within-group differences, p<0.0001), but CA animals weighed signifi-
cantly less than control subjects during all weeks (between-group differences, CA vs C
weeks 1-12 and 13-24: p<0.0001; weeks 25-34: p=0.0002).

With the start of TD diet, the four corresponding groups were fully shaped and a
significant weight loss was observed in TDD and CA+TDD animals at the end of the pro-
tocol (Figure 2A, right box up; two-way RM ANOVA, interaction: F ¢ 32 = 4.742, p=0.0076;
effect of time: F ¢, 32 = 30.24, p<0.0001; effect of treatment: F 3 32 = 8.26, p=0.0003; both
groups: p=0.0002).

This weight loss in TDD and CA+TDD groups is consistent with a decrease in their
food intake (Figure 2A, right box down; two-way RM ANOVA, interaction: F (1,17 =8.932,
p=0.0083; effect of time: F ¢,17 = 745,8, p<0.0001; both groups: p<0.0001).

3.1.2. Alcohol intake and BECs

As shown in Figure 2B, there were differences in the amount of alcohol consumed

across treatment (RM one-way ANOVA, F (1,259, 2267 = 15.54, p=0.0003). In the early adoles-
cent stages and being younger, the rats drank more than during the adult stages (weeks
13-24 vs 1-12: p <0.0001; weeks 25-34 vs 1-12: p=0.0001).
During TDD treatment, the CA+TDD rats displayed an increase in ethanol consumption
between end and beginning of TD diet treatment (week 36 versus 35) (two-way RM
ANOVA, overall effect of time, F (1,17 = 5.859, p=0.027; p=0.0478) which was not observed
in the CA group (p>0,05, n.s.). No significant differences were found between CA groups
with and without TD diet (p>0.05, n.s).

Blood ethanol levels (indicated in Figure 2B, boxed numbers), measured at 1 month,
3 months and 9 months of CA (weeks 4, 12 and 36), did not change significantly across
months (F ¢ 17 = 0.4223, p>0.05, n.s). The global BEC mean was of 73.33 = 12.65 mg/dL,
modeling moderate drinking. Samples from some randomized control animals were also
measured as technical controls, obtaining values ranging from 3 to 7 mg/dL
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Figure 2. Physiological parameters along the procedure. (A) Average weights at weekly intervals and at days 1 and 12 of the final
TD diet protocol, along with the diet intake (g/Kg). All rats gained weight until week 34, but the CA animals were always below the
controls. Weight loss in TDD and CA+TDD groups during TD diet treatment was consistent with the decreased intake. (B) Ethanol
consumption (g/Kg) across weeks, along with Blood Ethanol Concentrations (BECs (boxed numbers): mean + SEM). The animals
consumed more alcohol during their adolescent and young stages than in the adult stage. All data are expressed as mean + S.E.M.
Repeated measures ANOV As; within-group differences: a p <0.05; b p <0.001; ¢ p <0.0001; between-group: different vs control group:
*p <0.01, **p <0.001; ***p <0.0001).
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3.2. Neurological examination

No significant neurological signs or behavioral disturbances were found in animals
through NSS/NBS examination on days 1, 6 and 12 of the TDD protocol.

We explored all rats in the open surface and in their home cages, checking general
activity, flexion of limbs and extension of head, movements of the tail, posture, reflexes,
etc. Only some slight deficit in the startle reflex in a few alcohol-treated animals (CA and
CA+TDD) was found, which seemed not to react to the sound stimulus (clap/finger snaps)
as controls. Beyond this, no other symptoms or evidence of motor alteration, such as
ataxia, was detected due to treatments effect.

3.3. Behavioral outcomes

3.3.1.  Effects on locomotor activity and spatial memory: SAT

Two-way ANOVA revealed a main stimulatory effect of chronic alcohol on locomo-
tor activity, since the number of total arm entries of the CA and CA+TDD rats was signif-
icantly increased (Figure 3.A, left graph, overall effect of alcohol F (1,31 = 5.152, p=0.0303).

No effects in spontaneous alternation were observed due to alcohol or TDD, nor a
significant interaction between these factors. Thus, spatial working memory did not ap-
pear to be affected by the treatments (Figure 3.A, right graph, p>0.05, n.s.)

3.3.2.  Effects on locomotor activity and disinhibition-like behavior: OFT

As well as in the SAT, a significant overall effect of alcohol was found on OFT loco-
motor activity, increasing the total distance traveled and walking speed in the CA and
CA+TDD animals (Figure 3.B, upper left graph, F ¢,32=6.859, p=0.0134; upper right graph,
F 1,3 =7.348, p=0.0107; respectively).

In addition, there were an interaction between CA x TDD in the percentage of the
distance travelled and time spent in the internal zone of the field (Figure 3.B, lower left
graph, F 31 = 4.246, p=0.0478; lower right graph, F ¢, 31 = 5.444, p=0.0263; respectively).
Post-hoc comparisons revealed a trend for group CA+TDD to walk more in the inner zone
(p=0.066) and a significant effect of time spent in the inner zone respect to CA rats; p=
0.028). In this way, the rats treated by alcohol combined with TDD showed the highest
percentages among all groups.

Thus, CA+TDD rats appeared to be disinhibited by preferring the internal area of the
arena, which is known to be a more anxiogenic zone that the rest of the arena.

3.3.3.  Effects on disinhibition-like behavior: EPM

As shown in Figure 3.C, animals exposed to CA along with TDD displayed a higher
percentage of time spent in the open arms compared to controls (p= 0.0036), as well as
versus CA (p=0.0039), the comparison with the TDD group was very close to the signifi-
cance (p=0.0569) (left graph, Kruskal-Wallis=15.74, p=0.0013).

Likewise, CA+TDD rats also explored the open arms significantly more than control
(p=0.0151) and CA (p=0.0441) animals, indicated in percentage of entries (right graph,
Kruskal-Wallis=11, p=0.0117).

Accordingly, similar to what was observed in the OFT, exclusively the combination
of both treatments (CA+TDD) had a significant effect on disinhibition.

3.3.4.  Effects on recognition memory: NOT

No differences were found in the total time that animals spent exploring the objects
during the training session (C=43.07 + 4.1, TD=43.29 + 6.01; CA=45.77 + 5.03; CA+TD=45.73
*3.3; p>0.05, n.s).

The time of first approach to the novel object rendered a general significant effect of
alcohol, so CA and CA+TDD animals displayed higher latency (Figure 3.D, left graph, F
a,30 = 7.652, p=0.0096).

Furthermore, the two-way ANOVA of the discrimination index data also demon-
strated a significant alcohol effect, decreasing their recognition capacity (Figure 3.D, right
graph, F ,29) = 4.557, p=0.0414).
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Therefore, chronic exposure to alcohol seemed to cause a cognitive impairment by
worsening the memory capabilities of CA and CA+TDD animals.

A. Spontaneous Alternation Task (SAT)
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Figure 3. Behavioral changes as a function of treatment condition. (A) Spontaneous alternation task (SAT). There was
an increase of the total arm entries by CA groups, independently of TDD treatment, interpreted as hiperlocomotion,
and no effect on spontaneous alternation reflecting spatial working memory. (B) Open field (OFT) testing locomotion
and disinhibition. Here, we also found motor agitation by alcohol. Rats typically avoid open areas. CA+TDD-treated
rats explored more time the inner zone than the rest of group, reflecting a trend of disinhibition. (C) Elevated plus maze
(EPM). Time spent and entries in open arms showed a remarkable disinhibited behavior just in rats with CA combinated
with TDD treatment. (D) Effect on memory abilities tested by NOT. Rats exposed to CA were impaired on the ability to
discriminate the new object, thus showing a deficit in recognition memory. Mean + SEM (n = 8-10). Two-way ANOVA
or nonparametric Kruskal-Wallis test. Overall alcohol effect: &p < 0.05, &&p < 0.01; Interaction (CA x TDD) followed by
post hoc test: different from control group: *p < 0.05, **p < 0.01; different from CA: #p < 0.05, #4#p <0.01.

3.4. Alterations found in the frontal cortex and in plasma

3.4.1.  Effects on oxidative/nitrosative stress and lipid peroxidation markers

We measured markers that lead to nitrosative stress, such as the inducible nitric oxide
synthase (iNOS) enzyme and the accumulation of the stable metabolite of NO, NO-.

The protein levels of iNOS enzyme were analyzed in the frontal cortex, and no
changes were detected (Figure 4.A, p > 0.05 n.s.). Nonetheless, the nitrites (NO2) levels
were studied at the peripheral level (Figure 4.A). The analysis in plasma showed main
effects of alcohol (F (1, 31) =7.377, p=0.0107) and TDD treatment (F (1, 31) =5.924, p=0.0209).
Post hoc comparisons revealed that nitrites levels were significantly higher in the CA+TDD
group compared to controls (p=0.0073).

These results indicate that CA consumption interacts with TDD inducing a notable
increase in markers of peripheral nitrosative stress.

Lipid peroxidation is a consequence of excessive oxidative/nitrosative cellular stress.
We measured 4-hydroxynonenal (4-HNE) as an aldehydic product of lipid peroxidation.
As shown in Figure 4.A, rats exposed to CA showed a significant increase in the 4-HNE
protein levels compared to controls (p=0.0006), this effect being even more pronounced
by the combined treatment with TDD (p<0.0001) (Kruskal-Wallis=22.72, p <0.0001).

Thus, our results show that CA and CA+TDD treatments produce damage to the cel-
lular lipid membranes in the frontal cortex cells.

3.4.2.  Effects on apoptotic markers

Different caspases, such as 3, 8 and 9 could generate apoptotic cell death.

Respecting Caspase 3 and Caspase 8, there were significant differences between
groups (Figure 4.B, Kruskal-Wallis=9.062; 8.04, p=0.0285; 0.0452; respectively). In particu-
lar, the group with the combination of CA and TDD treatments showed a trend to the
highest levels of expression of these caspases, with levels very close to the significance for
caspase 8 (p=0.0569) compared to control group.

In relation to Caspase 9, an interaction between factors was found (F ¢, 32) = 32.45,
p<0.0001), together with main effects of alcohol (F (32 = 31.49, p<0.0001) and TDD treat-
ment (F ¢1,32=13.09, p=0.001). Post hoc analysis revealed higher levels in all treated groups
compared with the control group (Figure 4.B, for all comparisons, p<0.0001).

3.4.3. Effects on cell damage markers

Some molecules can be released in response to injured tissue, such as heat shock pro-
teins (HSPs) and the high mobility group box 1 protein (HMGB1).

We found significant changes in the HSP70 levels (Figure 4.C, Kruskal-Wallis=8.874,
p=0.031) only in the CA+TDD group, which were significantly higher than those in the
control group (p= 0.0325). There were not differences in the HSP60 expression levels be-
tween the different experimental groups (Figure 4.C, p > 0.05 n.s.).

Regarding HMGBI1 protein expression, there was a main effect (upregulation) of the
TDD (Figure 4.C, F (1,30 = 5.905, p=0.0213). Post hoc analysis also showed that the increase
was greater in the CA+TDD group relative to controls (p=0.0377).
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(A) Nitrosative stress and lipid peroxidation

[+ TDD CA CA+TDD C TDD CA CA+TDD
.

i 4-HNE -66kDa
iNOS BE S ~130kDa _ \ =-—- o0
B-aCTIN [ w———— e e s | -42kDa B-actin —-—— -42kDa

L2 2 PR 2
120 . 500 300 e

»
3
S

300

iNOS / g-actin (%control)
n
g

NO-2 (% vs Control)

3
3

4-HNE / B-actin (%control)

°

c TDD CA CA+TDD

(B) Apoptotic cell death

C TDD ca CA+TDD
[o TDD cA CA+TDD c DD CA CA+TDD Caspase-9 -35kDa
Caspase-3 [N B - 7v0a Caspase-o NN IR 02 i w———
[3-AICHIN |[W———— — ——— -12kD2 f-actin I N 12iDa | Bs8& 55 I
. 130 . 120 2=0.0569 __ 220 ol
B g 8 B
‘E E K] g 200
3 120 " 3 8
g £ 110 . = & 180
£ £ vt . £ 1o
8 110 S == 3
A & © = A 140
© © 100 — = »
& 100 4 — g 120
o < — <
& & == & 100
-3 < — 3
O gl © gl s
c oD cA CA+TDD c TOD cA CA+TDD c oD cA CA+TDD
(C) Cell damage
c DD CA  CA+TDD c TDD CA  CA+TDD c DD CA  CA+TDD
HSP70 |« v v v s i o s |-70kDa HSPGE0 [we s s s o s s s [-60kDa HMGB1 -30kDa
B-actin [H S S s s s S 42kDa B-actin [se s s - -42kDa B-actin [ [ ————— 1 0kDa

130 . * 160

140

HSP70 / B-actin {%control)
HSP60 / B-actin (%control)
HMGBH1 / B-actin (%control)

c TDD CA CA+TDD c TDD CA CA+TDD c TDD CA CA+TDD

Figure 4. Biochemical changes as a function of treatment condition. Graphs indicate protein levels of markers in the frontal
cortex and plasmatic nitrites. Western blot data of the respective bands of interest (upper bands) were normalized by p-actin
(lower band) and expressed as a percentage of change versus the control group. (A) Nitrosative stress markers. Nitrites (NO-2)
increased in plasma for all conditions exposure, but the combination of CA and TDD enhanced this elevation. Lipid peroxida-
tion was measured by 4-Hydroxynonenal (4-HNE) accumulation. There was a significant effect of CA and CA+TDD groups
versus control group. (B) Markers of apoptotic cell death: Caspase 3, 8 and 9. All treatments lead to an elevation of Caspase 9,
relative to controls. (C) Damage-associated molecular patterns (DAMPS): HSP70, HSP60 and HMGB1. CA+TDD treatment in-
creased the HSP70 and HMGBI1 expression respect to controls. Mean + SEM (n = 8-10). Two-way ANOVA or nonparametric
Kruskal-Wallis test. Overall alcohol effect: &p < 0.05, &&&&p < 0.0001; Overall TDD effect: $p < 0.05, $$p < 0.01; Interaction (CA
x TDD) followed by post hoc test: different from control group: *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3.5. Correlations and linear regression analyses between biochemical and behavioral pa-
rameters

Here, we hypothesized that the signals of damage found in the frontal cortex of
CA+TDD animals were, to some extent, related to the behavioral alterations observed.
Exclusively in this model with the combination of both treatments, we found disinhibition
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as the clearest alteration in behavior. This dyfunction may reflect a deficit in executive
functioning that has been related to frontal brain damage in WKS patients [9].

Then, considering the most noteworthy biochemical changes and behavioral
outcomes in our combinated model, we performed correlation analyses that are
summarized in Table 2. Additionally, a FDR adjustment, to avoid type I error in multiple
correlations, was done. The 90% (9 of 10 total) of the correlations were positive (Table 2)
and passed the FDR adjustment at 5% (graphed in Figure 5).

We found that NO levels in plasma were positively correlated with disinhibition
measures (Figure 5.A).

The analyses also indicate a possible relationship between the cortical alterations and
the disability in behavioral inhibition found. Specifically, elevations in frontal cortex key
parameters of lipid peroxidation (4-HNE), apoptosis (caspase 9) and cell damage (HSP70,
HMGBI1) positively correlated with disinhibited-like behavior observed in the EPM
(Figure 5.B.C.D).

Table 2. Correlational, linear regression and FDR analyses between key damage markers and behavioral parameters in the
CA+TDD model. [Pearson’s coefficient correlation r; Slope and constant from the linear regression analyses, p-value for both correlation and
linear regression and g-value from FDR analyses]. Corrected p-values by using the Benjamini-Hochberg procedure (FDR set at 0.05) to
restrict the type I error in multiple comparisons. Significant correlations (*p<0.05) and FDR-corrected p values (#q<0.05).

Percentages in open arms in the Elevated Plus Maze"

Time Entries
Protein
marker? 7 Slope Constant  p value q value 7 Slope Constant  p value q value
Plasma
NO- 0.5044 0.0005792 -0.00688  0.0659 0.0659 0.6692 0.0008195 -0.03051 0.0089 0.0111
2
4-HNE 0.7596  0.001149 -0.09649 0.001 0.002 0.7128 0.001158 -0.07876  0.0029 0.0043
Caspase-9 0.7611 0.002541 -0.2306 0.001 0.002 0.7633  0.002739 -0.2364 0.0009 0.002
HSP70 0.7952 0.0118 -1.169 0.0004 0.002 0.8949 0.01427 -1.413 <0.0001 0.001
HMGB1 0.5783 0.01111 -1.07 0.0384 0.0427 0.752 0.01704 -1.659 0.003 0.0043

Ratios from EPM: Open time/total time; Open arms entries/total entries.
2*All protein markers were detected in frontal cortex, except for nitrites, which were determined in plasma.
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Figure 5. Correlations between damage parameters and disinhibition measures of the EPM in the CA+TDD-treated animals. The
trend lines on each graph show the combined regression analyses for the Control (circles) and CA+TDD (triangles) groups. (A) NO2
levels in plasma were positively correlated with the EPM Open entries ratio. Frontal cortical levels of (B) 4-HNE, (C) Caspase 9 and
(D) HSP70, HMGB1 were positively correlated with the EPM Open time and entries ratios. Pearson’s coefficient correlation r; *p <
0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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4. Discussion

In this study WKS was modeled by CA consumption, since the AUD is the main
cause of this pathology, with and without TD diet, to understand the contribution of al-
cohol and the nutritional deficiency of thiamine to the pathology. Our results showed that
CA influenced locomotion and memory, but only in conjunction with TDD caused pro-
nounced disinhibited-like behavior. Likewise, the combination of both treatments led to
the greatest alterations in the peripheral and cortical markers of oxidative/nitrosative
stress and cellular/apoptotic damage. Such injury signals correlated with the inhibitory
deficit, suggesting that the frontal cortex is a vulnerable brain area targeting the combined
effects of CA and TDD on cell viability and behavior.

Early ethanol exposure leads to a greater propensity for the development of AUDs
[37]. In the present work, the age of the animals appeared to influence the observed pat-
tern of alcohol consumption. Adolescent onset (around PD 40) of chronic drinking led to
higher alcohol intake compared to later stages. This is consistent with previous studies of
alcohol exposure rats where adolescents drank more and displayed an increased meta-
bolic rate, compared to adult rats [23].

In relation to neurological signs, the characteristic symptomatology induced by TD
has been extensively demonstrated in rodents, displaying ataxia (i.e., gait problems), loss
of righting reflex, and the emergence of seizures and opisthotonus [38—40]. In our previous
study with TD-induced WKS models [18], we observed clear motor impairments related
with cerebellar dysfunction between 14 and 16 days of TD, but at 12 days the animals are
still in a presymptomatic state. In accordance with this work, the 12 days of TD diet ap-
peared not to be enough to cause severe neurological signs, even in combination with CA
treatment. This could be associated with the absence of alterations in the cerebellum of
these animals (unpublished results). Although there is previous evidence pointing to the
cerebellum as a vulnerable structure to alcohol and TD [41,42], here we did not find TLR4-
neuroinflammatory signature in any of the treatment conditions. Future studies will be
carried out in this regard.

Nevertheless, we consider interesting to point out the lower capacity to react to the
startle reflex found in some CA animals compared to controls. In line with our results,
previous studies reported that ethanol affects markedly the startle response in rats by a
mechanism involving central dopaminergic and serotoninergic neurons [43].

In addition, we observed a marked increase in the locomotor activity (SAT, OFT) as
a consequence of the CA treatment. These findings could be explained by the develop-
ment of sensitization to the locomotor stimulant effects of alcohol. This could reflect an
increase in alcohol “wanting”, thus playing an important role in addiction [44]. Certainly,
this phenomenon has been more studied in mice, versus just a few works reported in rats
[45-47]. Thereby, our study also extends these previous reports in rats.

Alcohol-related neuropsychological impairments have been widely described in the
literature, being executive functions, working and episodic memory frequently affected
[48]. Many experimental paradigms have been used to evaluate memory deficits in alco-
hol-treated rats. However, several of these works show that depending on the treatment
protocol, long-term alcohol intake does not necessarily lead to cognitive impairment [49].
In our research, a chronic pattern of alcohol consumption did not appear to affect the spa-
tial memory of the animals (SAT). Nevertheless, controversial results have been reported
following CA treatment, since Vedder and colleagues, 2015 [50], also using the spontane-
ous alternation task, found deficits in spatial memory of their animals. It is possible that
the discrepancies in the results obtained under similar experimental conditions might de-
pend on differences in the duration of alcohol treatment, BECs achieved, the presence or
absence of a withdrawal period following ethanol administration, the age and strain of
the rats, etc.

Regarding another kind of memory task analyzed, CA animals exhibited a deficit in
recognition memory (NOT), in line with previous research showing that alcohol intake
impairs the performance of rats on the object recognition test [49,51].
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Thus, our results appear to indicate that CA interferes with recognition memory but
not with spatial memory. A possible interpretation of these findings could be that the
mentioned tasks recruit different brain structures. Spatial memory performance is more
dependent on the hippocampal function than does the recognition memory [52]. By con-
trast, recognition memory appears to be more dependent on cortical structures, as medial
prefrontal cortex [53]. According to this, it has been demonstrated that the prefrontal cor-
tex is more vulnerable to chronic alcohol-induced toxicity than the hippocampus [54].
Thus, recognition memory would be more sensitive to the cortical damage found in this
study, whereas the hippocampus could be less affected. Further studies are needed to
clarify this point.

In addition, TDD alone did not affect any type of memory studied, and there was not
any additive or synergistic interaction between CA+TDD in memory performance either.
In contrast, we found that exclusively CA combined with TDD induced a pronounced
disinhibited-like behavior (EPM). CA+TDD rats exhibited an increase in the percentage of
entries and of time spent in the open arms, relative to controls, interpreted as increased
risk-taking behaviour and/or impulsivity [32,33]. This effect is not observed by CA expo-
sure alone, so this may indicate that TDD is necessary to develop an impulsive o disinhib-
ited behavior. In fact, we recently reported such disinhibitory behavior in a non-alcoholic
WKS model based in TD diet, where TD-induced brain damage was exacerbated by glu-
cose loading [18]. Furthermore, we also found this disinhibitory effect in the OFT, since
the CA+TDD animals appeared to show a lack of environmental awareness by walking
and spending more time in the arena center.

Disinhibition reflect a deficit in executive functioning, which is associated with
frontal brain damage [10]. This has been revealed as one of the most important alterations
suffered by WKS patients, with devastating emotional and social consequences [9]. More-
over, impulse control deficit is associated with addiction [55].

The frontal cortex is responsible for executive functions and inhibition of impulsive
responses and is particularly sensitive to alcohol and TD-induced damage [16,18,54,56].
In particular, it has been shown that alcohol and TD lead to the upregulated expression of
the iNOS enzyme [17,18,57]. iNOS can produce large amounts of NO that will react form-
ing reactive nitrogen species (RNS), which are responsible for oxidative/nitrosative stress
[58]. These molecules carry out cytotoxic process of lipid peroxidation, releasing toxic
products from the degradation of membrane phospholipids such as 4-HNE, leading to
cell death.

At the peripheral level, results revealed that CA and TDD individually increased the
NO levels in plasma, exerting the combination of both treatments an additive effect in
the NO~ elevation. Due to the location of RNS production from different tissues, plasma
nitrites can be a useful global indicator of the degree of damage. However, we found no
significant changes in the iNOS levels in the frontal cortex, which can be attributed to the
specific timepoint of samples collection. Nevertheless, CA exposure did increase the 4-
HNE levels in the frontal cortex, observing, again, a greater increase with the combined
treatment (CA with TDD).

Consequently, ethanol-induced oxidative stress can be responsible for apoptosis and
neuronal dysfunction (reviewed in [1,54]. In contrast, several studies showed that TD trig-
gers more oxidative stress and severe cellular death than alcohol. In turn, ethanol and TD
showed additive/synergistic toxicity on cellular death [59]. Recent studies indicate that
TD can use caspase-3 classical pathway to amplify apoptosis as alcohol intoxication, alt-
hough both alcohol and TD can induce cellular death by different pathways (reviewed in
[60]. Taking into account our data, these observations may depend on the pattern of alco-
hol consumption and the degree of TD. We found upregulation of caspases 3 and 8 in our
previous studies with alcohol binge drinking, as precursors of the emergence of damage
molecules such as HMGBL1 [17]. Here, CA+TDD treatment did not modify the levels of
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caspase 3 and 8 in the frontal cortex, although a trend towards upregulation can be ob-
served. Again, the time-course of expression of such parameters may influence these re-
sults. However, caspase 9 appeared to be more susceptible to upregulation by all the treat-
ments, showing no additive effect by the combined CA+TDD treatment, which can be due
to a ceiling effect in the caspase expression.

In addition, alcohol and TD have been involved in the release of damage-associated
molecular patterns (DAMPs) from cells in response to cellular stress or tissue injury
[17,18]. DAMPs as HSP60-70 and HMGB-1 active the innate immune system through
TLR2 and TLR4 signaling. Thus, these molecules can lead to a vicious cycle by amplifying
the neuroinflammation and inducing more cell damage (reviewed in [1]). Our findings
showed that the combination of CA with TDD induced an increase in the HSP70 and
HMGBI cortical levels. The TDD main effect upregulating HMGB1 may suggest a greater
influence of this treatment.

In view of our results, we can conclude that CA in conjunction with TDD led to the
most severe cortical, peripheral and behavioral alterations. In accordance, higher levels of
cortical lipid peroxidation, apoptotic and cell damage markers, as well as peripheral NO-,
correlated with the open arms exploration in the EPM, suggesting a link between the cor-
tical injury and the disinhibited-like behavior, a core symptom of the pathology, as dis-
cussed above.

5. Conclusions

Our study models WKS through CA consumption, TD or the combination of both.
The animal model based in CA consumption showed a sensitization to the hyperlocomotor
effect of alcohol together with a recognition memory deficit, but only in conjunction with
TDD the disinhibited-like behaviour, a core characteristic of the pathology, is induced. CA
and TDD individually caused selective cortical damage and an increase of NO~ in plasma,
whereas the combination of these treatments aggravated the alterations in the markers of
nitrosative stress, lipid peroxidation, apoptosis and cell damage studied. Thus, these pro-
cesses appear to play a critical role in the cortical injury that could be related to the deficit
in its inhibitory function. This way, the nutritional deficiency appears to be implicated in
the production of the disinhibited behavior, which is even more limiting in the daily life
of WKS patients than memory problems.

Therefore, our study shed light on the underlying disease-specific mechanisms, rein-
forcing the need for neuroprotective therapeutic approaches with antioxidant and anti-
apoptotic actions, along with preventive treatments of the nutritional deficiency in WKS.
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Appendix A

Supplemental discussion of the body weight changes found

In the present work with young growing rats, we observed that the body weight of
CA rats was always significantly lower than in controls. In this regard, prolonged alcohol
consumption is related to an increased risk of nutritional deficiency or malnutrition. Al-
cohol effects on the stomach and intestines may decrease absorption and utilization of
nutrients, while increasing its excretion. In accordance with our findings, it has been
shown that prolonged alcohol intake may result in lower body mass gain in animal exper-
iments in comparison with animals that do not receive alcohol (reviewed in [61]). The
reduced body weight gain observed in young rats drinking alcohol could be due to loss
of appetite with lower dietary intake or increased energy expenditures [62]. Simultane-
ously, in the case of growing organisms, the influence of alcohol consumption on growth
hormone level may be especially important and may be decreased by ethanol consump-
tion, with a resultant reduction in bodily growth (reviewed in [61]. In addition, its known
that TD reduces food consumption and body weight in rodents [18,63], which is in accord-
ance with our results. Regarding to this, it has been proposed that thiamine, as well as
alcohol, could play a main role regulating the increase in energy expenditure [63].

Appendix B

Thiamine: plasma levels and oral supplementation treatment. Results and
conclusions

Analysis of levels of thiamine in plasma from initial (1 month) and intermediate (3
months) time-points showed no significant differences neither between nor within con-
trols and CA groups:

week 4: control = 55.5 + 6.28 ng/mL; CA =55.82 +7.31 ng/mL;

week 12: control =49.37 + 4.8 ng/mL; CA =52.06 + 9.55 ng/mL;

(two-way RM ANOVA, interaction: F (1,20 = 0.03686; effect of time: F (1,20 = 0.6462; effect of
treatment: F ¢, 20) = 0.03426; p>0.05, n.s).

However, in the final measurement, after a long period (9 months) of exposure to
alcohol and after TD diet treatment, we found a trend towards a decrease in total thiamine
levels due to an alcohol effect. In Figure 6, the thiamine increment [A Thiamine] was cal-
culated for each group between the two time-points (final and intermediate levels) during
the adult stage (because of similar metabolism). Due to significant weight loss in TDD and
CA+TDD animals, values of thiamine levels were weight-corrected (ng/mL per kilogram)
(two-way ANOVA, main effect of alcohol F ¢, 24 = 3.411, p=0.0771).

Plasmatic thiamine levels
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Figure 6. Decrement in plasma levels of total thiamine at the end of the protocol (36 weeks) versus intermediate status (week 12) in
adult rats. Results normalized by body weight [ng/mL data divided by kilogram]. Data are expressed as mean + S.E.M.
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As it has been previously mentioned, chronic alcohol consumption lead to nutritional
deficiency as TD. Our results showed a trend towards a decline in the thiamine levels in
plasma in CA rats. Nevertheless, we analyzed total levels of thiamine and not its active
form (thiamine diphosphate, TDP) as it has been studied in other works [50,56]. Zahr and
colleagues, 2014 [64] reported that total thiamine concentrations were not sensitive to thi-
amine deprivation, but they found significant lower levels of its metabolites TDP. Accord-
ingly, it would be expected that the active forms of this vitamin would be more affected
by the treatments.

In the present experiment, in addition to the 4 experimental groups reported in the
result section, we also included a group receiving CA with oral thiamine supplementation
to deduce whether the effects of long term alcohol exposure can be attenuated with
prophylactic treatment. This supplementing thiamine apparently did not restore total
thiamine levels in CA+T-treated rats (Figure 6), and these animals did not show
improvement in any of the behavioral and biochemical variables analyzed with respect to
the CA group either.

Thus, this indicate that the oral treatment at this dose of thiamine did not prevent the
effects of CA that could be caused by alcohol-induced TD itself. Although there are no
universally accepted guidelines, recommended treatment of WKS consists of thiamine ad-
ministration, preferably by intravenous route, followed by oral administration [65]. As
described above in the introduction of this article, CA exposure can impair the gastric
absorption and cellular utilization of thiamine. However, the oral route is suitable for
repeated and prolonged use, as it is the simplest, most convenient and pain-free.

In addition to thiamine supplementation other oral treatment alternatives have been
proposed. For example, the benfotiamine is a pro-vitamin B1 with greater absorption and
bioavailability compared to orally administered thiamine, producing higher thiamine
(and also thiamine mono and diphosphate) concentration after alcohol exposure [66].
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