o
OPEN a ACCESS Universitit Augsburg
OPUS AUGSBURG w h Universititsbibliothek

Sex-specific pleiotropic changes in emotional
behavior and alcohol consumption in human
a-synuclein A53T transgenic mice during early
adulthood

Liubov S. Kalinichenko, Zacharias Kohl, Christiane Miihle, Zurina
Hassan, Agnes Hahn, Eva-Maria Schmitt, Kilian Macht, Lyubomir
Stoyanov, Schayan Moghaddami, Roberto Bilbao, Volker Eulenburg,
Jurgen Winkler, Johannes Kornhuber, Christian P. Miuller

Angaben zur Veroffentlichung / Publication details:

Kalinichenko, Liubov S., Zacharias Kohl, Christiane Muhle, Zurina Hassan, Agnes
Hahn, Eva-Maria Schmitt, Kilian Macht, et al. 2024. “Sex-specific pleiotropic
changes in emotional behavior and alcohol consumption in human a-synuclein
A53T transgenic mice during early adulthood.” Journal of Neurochemistry 168 (3):
269-87. https://doi.org/10.1111/jnc.16051.

Nutzungsbedingungen / Terms of use: CC BY-NC-ND 4.0

Dieses Dokument wird unter folgenden Bedingungen zur Verfiigung gestellt: / This document is made available under
these conditions:

CC-BY-NC-ND 4.0: Creative Commons: Namensnennung - Nicht kommerziell - Keine Bearbeitung

Weitere Informationen finden Sie unter: / For more information see:
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.de



https://doi.org/10.1111/jnc.16051
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.de

Received: 18 July 2023 | Revised: 15 December 2023

'.) Check for updates

Accepted: 7 January 2024

DOI: 10.1111/jnc.16051

ORIGINAL ARTICLE

Journal of
Neurochemistry

JNC:

Py
Va8 WILEY

Sex-specific pleiotropic changes in emotional behavior and
alcohol consumption in human a-synuclein A53T transgenic
mice during early adulthood

Liubov S. Kalinichenko!

| Zacharias Kohl>3# | Christiane Miihle! | Zurina Hassan® |

Agnes Hahn! | Eva-Maria Schmitt! | Kilian Macht! | Lyubomir Stoyanov® |
Schayan Moghaddami® | Roberto Bilbao' | Volker Eulenburg® | Jiirgen Winkler®® |
Johannes Kornhuber! | Christian P. Miiller*>”’

1Department of Psychiatry and
Psychotherapy, University Clinic,
Friedrich-Alexander-University of
Erlangen-Nurnberg, Erlangen, Germany

2Division of Molecular Neurology,
Friedrich-Alexander-University of
Erlangen-Nurnberg, Erlangen, Germany

SCenter for Rare Diseases Erlangen
(ZSEER), University Hospital Erlangen,
Erlangen, Germany

“Department of Neurology, University of
Regensburg, Regensburg, Germany

SCentre for Drug Research, Universiti
Sains Malaysia, Penang, Malaysia

$Department for Anesthesiology and
Intensive Care, Faculty of Medicine,
University of Leipzig, Leipzig, Germany

7Institute of Psychopharmacology, Central
Institute of Mental Health, Faculty of
Medicine Mannheim, University of
Heidelberg, Heidelberg, Germany

Correspondence

Liubov S. Kalinichenko, Department of
Psychiatry and Psychotherapy, University
Clinic, Friedrich-Alexander-University of
Erlangen-Nurnberg, Schwabachanlage 6,
Erlangen 91054, Germany.

Email: liubov.kalinichenko@uk-erlangen.de

Funding information

Deutsche Forschungsgemeinschaft,
Grant/Award Number: KO 947/20-1 and
MU 2789/18-1; Johannes und Frieda

Abstract

Point mutations in the a-synuclein coding gene may lead to the development of
Parkinson's disease (PD). PD is often accompanied by other psychiatric conditions,
such as anxiety, depression, and drug use disorders, which typically emerge in adult-
hood. Some of these point mutations, such as SNCA and A30T, have been linked to
behavioral effects that are not commonly associated with PD, especially regarding
alcohol consumption patterns. In this study, we investigated whether the familial
PD point mutation A53T is associated with changes in alcohol consumption behav-
ior and emotional states at ages not yet characterized by a-synuclein accumulation.
The affective and alcohol-drinking phenotypes remained unaltered in female PDGF-
hA53T-synuclein-transgenic (A53T) mice during both early and late adulthood. Brain
region-specific activation of ceramide-producing enzymes, acid sphingomyelinase
(ASM), and neutral sphingomyelinase (NSM), known for their neuroprotective prop-
erties, was observed during early adulthood but not in late adulthood. In males, the
A53T mutation was linked to a reduction in alcohol consumption in both early and late
adulthood. However, male A53T mice displayed increased anxiety- and depression-
like behaviors during both early and late adulthood. Enhanced ASM activity in the
dorsal mesencephalon and ventral hippocampus may potentially contribute to these
adverse behavioral effects of the mutation in males during late adulthood. In sum-
mary, the A53T gene mutation was associated with diverse changes in emotional
states and alcohol consumption behavior long before the onset of PD, and these ef-
fects varied by sex. These alterations in behavior may be linked to changes in brain

ceramide metabolism.

Abbreviations: A53T, PDGF-hA53T-synuclein-transgenic mice; AC, acid ceramidase; ANOVA, analysis of variance; ASM, acid sphingomyelinase; BAC, blood alcohol concentration; DH,
dorsal hippocampus; DM, dorsal mesencephalon; DS, dorsal striatum; EPM, elevated plus maze; FST, forced swim test; LDB, light-dark box; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; NC, neutral ceramidase; NSF, novelty suppressed feeding; NSM, neutral sphingomyelinase; OF, open field; PD, Parkinson's disorder; PFC, prefrontal cortex (PFC);
SMS, sphingomyelin synthase; SPT, sucrose preference test; VH, ventral hippocampus; VM, ventral mesencephalon; VS, ventral striatum; wt, wild type.
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1 | INTRODUCTION

Parkinson's disease (PD) is a severe chronic neurodegenerative con-
dition that affects approximately 5% of individuals aged 85 years and
older (Farrer, 2006). It is a complex disorder influenced by both ge-
netic and environmental factors. Several genetic factors have been
identified as contributing to the risk of PD, including mutations in
PARK, A53T, A30T, SNCA, and GBA1 (Kouli et al., 2018). These muta-
tions initiate the development of PD, primarily through a-synuclein-
induced degeneration of dopaminergic neurons in the substantia
nigra pars compacta (Nuber et al., 2013, 2018), resulting in char-
acteristic motor symptoms such as dyskinesia, rigidity, and tremors
(Wang et al., 2018).

PD is frequently comorbid with other psychiatric conditions,
notably anxiety and depression (Winkler et al., 2011), and a pro-
dromal stage of PD accompanied by these non-motor symptoms
can extend for several decades. In particular, depression, which
affects 17% of PD patients, may precede motor symptoms by up to
20vyears (Qamhawi et al., 2015; Shiba et al., 2000). However, some
studies have suggested potential protective effects of PD against
certain mental illnesses, such as alcohol use disorder (Bharucha
et al., 1986; Fall et al.,, 1999; Jiméanez-Jiméanez et al., 1992).
Conversely, moderate alcohol consumption has been associated
with a reduced risk of PD development (Gentile et al.,, 2020;
Palacios et al., 2012). In contrast, recent research has indicated
that point mutations like SNCA and A30T, which are involved in
synucleopathies and PD, may contribute to the pathogenesis of
alcohol use disorder (Liang et al., 2003; Rotermund et al., 2017).
Therefore, it is conceivable that mutations in genes responsible
for early PD onset, such as the A53T gene, have pleiotropic ef-
fects, influencing the development of certain comorbid psychi-
atric conditions while potentially protecting against others long
before the onset of PD symptoms.

Ceramides are part of the sphingolipid family, a group of lip-
ids with high abundance in the brain that play significant roles
in various physiological functions, including apoptosis, auto-
phagy, and cell signaling (Holthuis et al., 2001). Alongside their
precursors and the enzymes responsible for their metabolism,
ceramides have been implicated in the pathogenesis of several
psychiatric disorders, including PD, anxiety, depression, and al-
cohol use disorder (Gulbins et al., 2013; Kalinichenko et al., 2022,
2023; Kalinichenko, Hammad, et al., 2019; Kalinichenko, Miihle,
et al., 2019, 2021; Mdller et al., 2017; Zoicas et al., 2020).
However, it remains uncertain whether members of the ceramide
family may potentially link these psychiatric disorders or serve as

early markers for PD.

In this study, we explored whether the A53T point mutation in
the a-synuclein gene could be linked to diverse alterations in the
emotional state and alcohol consumption behavior of mice during
both early and late adulthood. These stages correspond to the pro-
dromal phases of PD, which are not accompanied by motor symp-
toms. Additionally, we examined the predictive potential of ceramide
metabolism enzymes in these psychiatric conditions comorbid with
PD. Given the higher prevalence of PD incidence in male patients
(Moisan et al., 2016), we conducted a comparative study involving

both male and female A53T mice.

2 | MATERIALS AND METHODS
2.1 | Animals

Male and female transgenic mice, which overexpressed human
a-syn carrying the A53T mutation under the regulatory control
of the PDGFp promoter (referred to as A53T mice; received from
the University of California San Diego; described in Hashimoto
et al. (2006)), along with wild-type (wt) littermates, totalling 306
mice, were utilized in the experiments. The mice were maintained
in a standard light-dark cycle (housed between two and five per
cage or individually, depending on experimental requirements), with
lights off from 07:00pm to 07:00am. All animals had ad libitum ac-
cess to food and water.

The emotional phenotype, drinking behavior (assessed using
constant and intermittent access models), blood alcohol concen-
tration analysis, and ceramide metabolism enzyme activities were
evaluated in separate batches of animals. Testing was conducted ei-
ther during early adulthood, commencing at week 8 of age (weighing
22.3+0.5g), or during late adulthood, commencing at week 24 of
age (weighing 32.5+0.7 g), as illustrated in Figure 1. Previous litera-
ture had indicated the onset of motor impairments in these mice at
32weeks of age (Giasson et al., 2002); thus, our assessments were
performed during the prodromal stage of PD.

All experiments adhered to the guidelines set forth by the
European Communities Council Directive (86/609/EEC) and the
National Institutes of Health for the ethical treatment of animals.
Ethical approval was obtained from the German Animal Protection
Law Authority, Regierung von Unterfranken (55.2-2532-2-317).
No animals were excluded from the experiments during test-
ing. The experimenter conducting the tests remained blind to
the study groups or genotypes of the animals. Following each
experiment, the animals were humanely euthanized by cervical

dislocation.
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FIGURE 1 Experimental schedule. AC,

acid ceramidase; Amy, amygdala; ASM,
acid sphingomyelinase; Cereb, cerebellum;
DH, dorsal hippocampus; DM, dorsal
mesencephalon; NC, neutral ceramidase;
NSM, neutral sphingomyelinase; PFC,

e

prefrontal cortex; SMS, sphingomyelin
synthase; VH, ventral hippocampus;
VM, ventral mesencephalon; VS, ventral
striatum.

2.2 | Anxiety- and depression-like phenotype

Naive mice of both sexes, divided into early adulthood (A53T:
n=14 males/8 females; wt: n=8 males/16 females) and late adult-
hood (A53T: n=10 males/8 females; wt: n=11 males/9 females)
groups, underwent a battery of behavioral tests in the following
sequence: open field (OF), light-dark box (LDB), elevated plus maze
(EPM), novelty-suppressed feeding (NSF), forced swim (FST), and
sucrose preference tests (SPT). All tests were conducted on sep-
arate days between 09:00 and 16:00h. The mice were assessed
in a pseudorandom order and were acclimated to the behavioral
suite for at least 1 h before each test. To prevent any influence of
olfactory cues on behaviors, each test apparatus was thoroughly
cleaned with 70% ethanol (prepared from Cat. No. 9065.1, Roth)
between subjects.

After completing a test, the mice were returned to their home
cages and allowed to recover for a minimum of 2days before un-
dergoing further testing. Behaviors in all tests were recorded for
subsequent scoring, following the protocols outlined in prior studies
(Kalinichenko et al., 2023; Kalinichenko, Muhle, et al., 2021; Miiller
etal., 2017).

221 | OF

Each mouse was introduced into a square white acrylic arena meas-
uring 50x 50cm, initially positioned facing one of the outer walls.
They were given the freedom to explore the arena for 20 min, with
the space uniformly illuminated by white light at an intensity of
100x. Video recordings of the mice's behavior were captured and
subsequently analyzed using Biobserve Viewer lll, a software pro-
vided by Biobserve GmbH, Germany.

To assess their behavior, a virtual square area located at an equal
distance from the periphery and measuring 36 x 36 cm was defined
as the “central zone.” This designation allowed us to record the num-
ber of entries into the central zone and the amount of time (in sec-
onds) spent within it. We also recorded the distance covered by the
mice in both the outer and central zones (measured in centimeters),
as well as the number of entries and the duration of time spent spe-
cifically in the central zone.
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222 | EPM

The EPM was crafted from black opaque acrylic material with white
lining on the floor. The maze consisted of arms measuring 30x5cm
each and a central platform measuring 5x5cm. One pair of oppos-
ing arms was entirely enclosed by a 15-cm-high wall made of opaque
acrylic, while the other pair featured open arms with narrow ledges
of 0.5cm on either side. The open arms were brightly illuminated at
100x. The maze was elevated to a height of 50cm above the ground
and supported by a transparent acrylic stand.

Each mouse was positioned on the central platform, facing a
closed arm, and allowed to explore the maze freely for 5min. The
Biobserve Viewer Il tracking software provided by Biobserve
GmbH, Germany, was employed to record locomotor activity during
the test, including the distance covered in both the open and closed
arms, the number of entries into the closed and open arms, and the
time spent in each type of the arm as well as in the center.

223 | LDB

In the LDB test, a white acrylic box measuring 50 x 50cm was utilized.
The box was divided by a white acrylic partition, with one-third of the
total area covered from the top and designated as the “dark chamber”
and the remaining two-thirds open and brightly illuminated at 100x,
serving as the “light chamber.” A small entry door (5x 7 cm) within the
partition allowed mice to move freely between these chambers.

Each mouse was introduced into the dark chamber, facing the
end wall parallel to the partition. Over 5min, the activity was re-
corded using Biobserve Viewer lll, a software provided by Biobserve
GmbH, Germany. Parameters measured included locomotor activity,
indicated by the distance moved in centimeters, and the time spent
(in seconds) in both the dark and light chambers. Additionally, the la-
tency period for the first entry into the light chamber was recorded.

224 | NSF

Prior to the NSF test, animals were subjected to a 24-h food dep-
rivation period. Following the food deprivation, each mouse was
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positioned in the corner of a square white acrylic arena measuring
50x50x50cm, with its orientation toward an outer wall. The arena
was uniformly illuminated with white light at an intensity of 100x.
In the center of the arena, a food pellet was placed. Video record-
ings of the mouse's behavior were captured and subsequently ana-
lyzed using Biobserve Viewer lll, a software provided by Biobserve
GmbH, Germany. The recorded parameters included the time (in
seconds) it took for the mouse to commence eating after the 24-h

fasting period and the distance it covered before initiating eating.

225 | FST

Each mouse underwent the forced swim test by being placed into
a transparent glass cylinder measuring 17 cm in diameter and 18cm
in height, filled with water to a depth of 12cm at a temperature of
25°C. This immersion lasted for 15 min, after which the mouse was
returned to its home cage.

After a 24-h interval, the mice were once more introduced into
the same water-filled cylinder for 5min. During this session on the
second day, the latency period for the initial occurrence of floating

and the total duration of floating were recorded manually.

226 | SPT

Prior to the SPT, the animals were individually housed and were pro-
vided access to two water bottles for 7days. On the eighth day, one
of the water bottles was replaced with a 2% sucrose solution, and
the position of the bottles containing water and the sucrose solution
was altered daily over the subsequent 4 days.

Both before and after the test, the animals' weights were re-
corded, and the daily estimates of water and sucrose solution
consumption were noted. The sucrose preference was calculated
as a percentage of the total fluid intake as described previously
(Kalinichenko et al., 2023; Kalinichenko, Mhle, et al., 2021; Mdiller
etal., 2017).

2.3 | Alcohol-drinking phenotype in the
free-choice unlimited access paradigm

Naive mice of both genders (early adulthood: A53T—n=4 males/5
females; wt—n=4 males/6 females; late adulthood: A53T—n=16
males; wt—n=15 males) were individually housed with two con-
stantly available drinking bottles for 2weeks prior to the initiation
of alcohol exposure. Each cage was equipped with two bottles, one
containing tap water and the other containing alcohol at various
concentrations. The positions of the bottles were changed daily.
Following an acclimatization phase to establish a drinking baseline,
the animals were exposed to alcohol at increasing concentrations of
2, 4,8, 12, and 16vol.% for 4days each. Subsequently, the alcohol
concentration was maintained at 16 vol.% for 8 days.

To assess the alcohol deprivation effect, alcohol was withdrawn
for 3weeks, during which both bottles contained tap water, before
alcohol was reintroduced at a concentration of 16vol.% for 4days.
This procedure was repeated once more. The bottles were changed
and weighed on a daily basis. The amount of alcohol consumed
relative to body weight and the preference for alcohol over water
were measured (Kalinichenko et al., 2023; Kalinichenko, Mihle,
et al., 2021; Miiller et al., 2017).

2.4 | Taste preference test

Alcohol-experienced animals, which had been exposed to two-
bottle free-choice unlimited access for a total of 42 free-choice
drinking days, were employed for this test. Sucrose preferences
(0.5% and 5%; Cat. No. S9378, Sigma) and quinine preferences
(2mg/dL and 20mg/dL; Cat. No. W297607, Sigma) were assessed
in a two-bottle free-choice test against water, conducted 3days
after their last exposure to alcohol. Each dose of sucrose and qui-
nine was provided for 3days, with the positions of the bottles being
switched and their weights recorded daily. A 1-day washout period
was observed between the sucrose and quinine testing phases
(Kalinichenko et al., 2023; Kalinichenko, Mihle, et al., 2021; Mdiller
etal., 2017).

2.5 | Alcohol-drinking phenotype in the
intermittent alcohol consumption paradigm

A distinct alcohol consumption phenotype can be observed with
intermittent access schedules, where alcohol is available dur-
ing three 24-h periods each week. This protocol is proposed as a
model for human binge-like alcohol drinking and is intended to re-
flect the mechanisms underlying alcohol-dependent behaviors in
humans (Smutek et al., 2014). Naive mice of both sexes (early adult-
hood: A53T—n=5 males/5 females; wt—n=5 males/5 females)
were individually housed with two constantly available drinking
bottles for 2weeks before the commencement of alcohol expo-
sure. Subsequently, a 20vol.% alcohol solution was introduced for
6 weeks within an intermittent access schedule. Under this schedule,
animals received alcohol in one bottle only on Monday, Wednesday,
and Friday of each week, with a 24-h access period. Following this
period, alcohol was withheld for 3weeks before being reinstated for
1week. This procedure was repeated three times.

During the third reinstatement, mice were exposed to forced
swimming stress by being placed into a transparent glass cylinder
(17cm in diameter, 18cm in height) filled with water (12cm deep,
25°C) for 15 min. This stress-inducing procedure was repeated three
times, occurring on Monday, Wednesday, and Friday, directly before
the reintroduction of the 20% alcohol bottle into the cage. The bot-
tles were changed and weighed daily, and the amount of alcohol con-
sumed relative to body weight and the preference for alcohol over
water were measured (Konig et al., 2020).
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2.6 | Blood alcohol determination

Naive mice of both sexes (early adulthood: A53T—n=11 males/6
females; wt—n=38 males/13 females; late adulthood: A53T—n=10
males/8 females; wt—n=11 males/9 females) were administered an
alcohol injection (3.0g/kg, i.p.). Subsequently, 20-pL blood samples
were collected from the submandibular vein at 1, 2, and 3h after
the injection, without the use of anesthesia. These blood samples
were immediately mixed with 80uL of 6.25% (w/v) trichloroacetic
acid (Cat. No. T4885, Sigma). After centrifugation, 15uL of the su-
pernatant was subjected to enzymatic alcohol determination using
the alcohol dehydrogenase method, as described elsewhere (Zheng
et al.,, 2016).

2.7 | Sphingolipid regulatory enzyme analysis

The brains of naive mice of both sexes (early adulthood:
A53T—n=11 males/6 females; wt—n=28 males/13 females; late
adulthood: A53T—n=10 males/8 females; wt—n=11 males/9
females) were isolated, frozen in dry ice, and stored at -80°C.
Subsequently, the prefrontal cortex (PFC), dorsal striatum (DS)
and ventral striatum (VS), dorsal (DH) and ventral hippocampus
(VH), dorsal (DM) and ventral mesencephalon (VM), amygdala,
and cerebellum were isolated. The activity of enzymes responsi-
ble for ceramide generation from sphingomyelin (acid and neutral
sphingomyelinases, ASM and NSM), enzymes involved in ceramide
degradation to sphingosine [acid ceramidases (AC) and neutral
ceramidases (NC)], and sphingomyelin (sphingomyelin synthase,
SMS) in these brain structures was determined. For this purpose,
we utilized the fluorescence substrate BODIPY-FL-C12-SM (D-
7711, Thermo Fisher Scientific, Waltham, MA, USA) for ASM and
NSM, and NBD-C12-ceramide (Cat. No. Cay24330-100, Cayman,
obtained from Biomol, Hamburg, Germany) for AC and NC, as
previously described (Mihle & Kornhuber, 2017). Similarly, SMS
activity was evaluated using a newly developed method. SMS
activity was quantified in a mixture of 50mM Tris-HCI pH7.4
(Cat. No. 1185-53-1, Sigma), 25 mM KCI (Cat. No. P9541, Sigma),
0.5mM EDTA pH8 (Cat. No. 6381-92-6, Sigma) with 1M Cé-
NBD-Ceramide (Cay62527, Cayman, obtained from Biomol,
Hamburg, Germany), and 0.1 mM phosphatidylcholine as sub-
strates. A solvent mixture of chloroform/methanol/ammonium
hydroxide/water (25% NH, in water; 70:30:4:1, v/v/v/v; Cat.
No. 650498, 1.06008, 30501-M, respectively, Sigma) was used
for thin-layer chromatography to separate the labeled sphin-
gomyelin product from unreacted ceramide. All activity assays
were conducted with four replicates for each sample and were
normalized to protein concentrations. Enzymatic activities were
calculated as the hydrolysis rate of sphingomyelin or ceramide
(pmol or fmol, respectively) per unit of time (h) and per unit of
protein (pg) (Huston et al., 2016; Kalinichenko, Abdel-Hafiz,
et al.,, 2021).
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2.8 | Statistical analyses

The data were analyzed using two-way analysis of variance (ANOVA),
with repeated measures applied where appropriate, as well as two-
tailed t-tests (the data were not assessed for normality; IBM SPSS
Statistics 28.0.0.0). Group sizes were determined in advance based
on previous studies (Kalinichenko et al., 2023; Kalinichenko, Muhle,
et al., 2021; Miiller et al., 2017). Randomization could not be per-
formed as a result of genotype-based grouping. Data analysis was
conducted by an investigator who was blind to the experimental
conditions, age, gender, and genotype of the animals. Outlier control
was carried out using mean+ 2 standard deviations using one main
parameter of each test (e.g., center time in the OF, latency of eating
in the NSF test, and alcohol consumption in the drinking studies)
(Berger & Kiefer, 2021), resulting in the exclusion of six animals from
the analysis. Pre-planned comparisons using Bonferroni-corrected
LSD-tests (Ramsey, 1993) were calculated for single-group and time-
point effects, with a significance threshold set at p <0.05.

3 | RESULTS

3.1 | Behavioral and neurochemical changes in
AS53T transgenic mice in early adulthood

3.1.1 | Intact emotional status in female, but not
male mice in young adulthood

Anxiety and depression often co-occur with PD and are frequently
diagnosed as early as the prodromal stage of the disorder (Qamhawi
et al., 2015; Shiba et al., 2000). In this study, we aimed to investigate
whether affective states develop in young adult animals carrying the
familial PD human A53T mutation, starting as early as 8 weeks of
age.

In young female A53T mice, we did not observe a pronounced
anxiety-like phenotype in various behavioral tests, including the OF,
EPM, and LDB tests. In the OF test, there were no genotype-specific
differences in terms of the time spent in the center, the number of
visits to the center, visit latency, and center and relative locomotion
in female mice (Figure 2a,b; Figure S1; Table 1). Furthermore, the
total locomotion did not show any alterations in A53T mice com-
pared to their wild-type (wt) littermates, indicating preserved motor
function (Figure S1). Similarly, in both the EPM and LDB tests, none
of the parameters we studied exhibited differences between female
A53T mice and wildtype mice (Figure 2c,d; Figure S1).

Consistent with these findings, we did not observe any signifi-
cant depression-like behavior or anhedonia in young female A53T
mice. In the forced swim test (FST), there were no differences in the
latent period of first floating or the total floating time between A53T
and wildtype mice (Figure 2e,f). In the NSF test, although the track
length passed before the first eating tended to increase in young fe-
male A53T mice (t=-2.922, p=0.080), the latency of the first eating
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FIGURE 2 Emotional behavior of female, but not male A53T mice in early adulthood. In young female A53T mice, no changes in relative
time spent in the center of the open field (OF) and center locomotion (a, b), time spent in the open arms of the elevated plus maze (EPM) (c),
number of visits to the light compartment of the light-dark box (LDB) (d), latent period (e) and duration of floating (f) in the forced swim test
(FST), and sucrose preference in the sucrose preference test (SPT) (g) were observed (p>0.05). Young male A53T mice were characterized
by the diminished relative time (t=0.459, p=0.052; (h) and locomotion in the center (t=2.592, p=0.019; (i) of the OF and number of visits

in the light compartment of the LDB (t=2.460, p=0.030; (k). The time spent in the open arms of the EPM tended to decrease in male A53T
mice (p>0.05; (j). Reduced latent period of floating in the FST (t=2.653, p=0.016; (I) and slightly diminished sucrose preference in the SPT
(t=1.977, p=0.064; (n), but not duration of floating in the FST (p>0.05; m) indicated depression-like behavior in male A53T mice at the early
adulthood of PD. Animal number: A53T—n =14 males/8 females; wt—n=38 males/16 females.

was similar in A53T and wt littermates (Figure S1). Additionally, in
the SPT, no genotype-specific differences were observed in sucrose
preference (Figure 2g). Therefore, we did not observe any alter-
ations in the emotional phenotype of female A53T mice during early
adulthood.

In contrast to the findings in female mice, young male A53T mice
exhibited an enhanced anxiety-like phenotype. We observed a re-
duction in both the center and total track length in the OF test in
young male A53T mice compared to their wild-type (wt) littermates

(Figure 2i; Figure S2; Table 1). There was also a tendency for a de-
crease in the relative time spent in the center of the OF in A53T mice
(Figure 2h). In the LDB test, we recorded a pronounced reduction in
the time spent, the number of visits, and track length in the light com-
partment for young male A53T mice (Figure 2k; Figure S2). However,
we did not observe any significant genotype-specific differences in
all the parameters studied in the EPM (Figure 2j; Figure S2). It is im-
portant to note that the locomotion of male A53T mice in the EPM
was not altered (Figure S2).
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TABLE 1 Emotional and alcohol consumption phenotype of
A53T mice at early and late adulthood compared to wild-type
littermates.

Adulthood
Sex Phenotype Early Late
Females Anxiety-like behavior - -
Depression-like behavior - -/l
Alcohol consumption
e Constant access - n.t.
e Intermittent access l
e Taste preference -
e BAC -
Males Anxiety-like behavior T T
Depression-like behavior 1 1
Alcohol consumption
e Constant access I i
e Intermittent access T n.t.
e Taste preference - -/l

e BAC = -

Abbreviations: -, no changes; 1, increase; |, decrease; BAC, blood
alcohol concentration; n.t., not tested.

In the FST, young male A53T mice exhibited a reduced latency to
first floating (Figure 2|) compared to their wt counterparts. However,
the duration of floating only showed a tendency to increase in A53T
mice (Figure 2m). Similarly, sucrose preference in the SPT tended
to decrease in young male A53T mice (Figure 2n). Nevertheless, no
significant genotype-specific differences were observed in the la-
tency to first eating and track length before eating in the NSF test
(Figure S2). Therefore, unlike female mice, young male A53T mice
displayed enhanced depression-like behavior and a mild anhedonic
state. In summary, even at an early adulthood stage, anxiety and
depression-like behaviors were observed in male A53T mice, while
the emotional behavior of female mice remained unchanged.

3.1.2 | Young A53T transgenic males, but not
females, are characterized by reduced alcohol
consumption

Previous studies have indicated the role of PD point mutations,
such as SNCA and A30T, in alcohol use disorder (Liang et al., 2003;
Rotermund et al., 2017). In this experiment, we tested whether A53T
mice exhibit altered alcohol consumption during ongoing unlimited
access drinking and during relapse to alcohol drinking after a pe-
riod of abstinence, using a two-bottle free-choice drinking paradigm
(Konig et al., 2020). In young female mice, no genotype-specific dif-
ferences were observed in alcohol consumption, alcohol preference,
and water intake (Figure 3a,b; Figure S3; Table 1). The alcohol dep-
rivation effect (ADE) was slightly diminished in young female A53T
mice compared to wt littermates. A pre-planned comparison showed

=—Wl LEYJﬂ
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a significantly reduced alcohol consumption in A53T females only on
reinstatement day 6 compared to wt mice (Figure 3c). Additionally,
genotype-driven differences in sucrose preference and quinine
avoidance were not found across all studied doses (Figure S3).
Overall, in early adulthood, female A53T mice exhibit an intact alco-
hol consumption pattern but a slightly attenuated sensitivity to the
reinstatement of drinking after withdrawal.

In young adult males, the A53T mutation was associated with
significantly lower alcohol consumption compared to wt animals,
reaching statistical significance at an alcohol concentration of 16%
(Figure 4a). The ADE was not altered in young adult male A53T mice
compared to wt littermates (Figure 4c). Conversely, during the first
reinstatement period, young male A53T mice exhibited an enhanced
alcohol preference, but this effect was not observed during the sec-
ond reinstatement period (Figure S3). Analysis of taste preference
did not reveal any genotype-driven differences in the preference for
sucrose or avoidance of quinine at all studied doses (Figure S3). In
summary, adult male A53T mice exhibit reduced alcohol consump-
tion but maintain intact sensitivity to the reinstatement of drinking

after withdrawal.

3.1.3 | Reduced alcohol consumption in A53T
female but not male mice during intermittent
alcohol access

A distinct alcohol consumption phenotype may develop under lim-
ited access where alcohol is repeatedly available but only for a lim-
ited time (24 h, three times a week). This model represents situations
in small urban or rural environments where access to alcohol is re-
stricted to specific time windows (Heath, 2000). Additionally, alco-
hol consumption is often used as a coping strategy to reduce stress,
which can lead to excessive alcohol intake (McGrath et al., 2016).
Here, we investigated whether the A53T mutation is associated with
altered alcohol consumption during intermittent access, relapse to
alcohol drinking, and after repeated stress episodes.

In young adult female mice, the A53T mutation was accompa-
nied by a significantly lower average daily alcohol consumption
(Figure 3d) and preference (Figure S3; Table 1), but not water con-
sumption (Figure 3e). Alcohol withdrawal induced opposite changes
in alcohol consumption between young A53T and wt animals after
reinstatement. A pre-planned comparison revealed that alcohol con-
sumption in female A53T mice significantly increased during the
first reinstatement period but returned to baseline levels during the
second reinstatement period (Figure 3f). Conversely, in female wt
mice, alcohol consumption dropped during alcohol reinstatement,
with these changes reaching significance only during the second re-
instatement period (Figure 3f; Table 1). A similar ADE effect was ob-
served in the alcohol preference of A53T mice after reinstatement
(Figure S3), while water intake did not significantly change in female
A53T and wt mice after reinstatement (Figure S3). Interestingly, ex-
posure to stress in a forced swim paradigm directly before reinstate-
ment nullified the observed differences, and no genotype-induced
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FIGURE 3 Alcohol consumption behavior of A53T females in early adulthood. In the model of constant access to alcohol, intact alcohol
(genotype: F(1, 10)=0.036, p=0.854; concentration: F(4, 40)=43.712, p<0.0001; genotype x concentration interaction: F(4, 40)=0.864,
p=0.4933), (a) and water consumption (genotype: F(1, 10)=0.412, p=0.535; concentration: F(4, 40)=3.445, p=0.016; genotype x
concentration interaction: F(4, 40)=0.855, p=0.498; Figure 2a,b; (b), but slightly attenuated sensitivity for the reinstatement of drinking
after withdrawal (genotype: F(1, 9)=0.359, p=0.564; time: F(12, 108)=11.085, p <0.001; genotype x time interaction: F(12, 108)=2.528,
p=0.006; R6: p=0.033; (c) was observed in female A53T mice. Animal number: A53T—n=5; wt—n==6. In the model of intermittent access
to alcohol, young A53T female mice were characterized by reduced alcohol consumption (t=-4.082, p <0.0001; (d) but intact water intake
(p>0.05; (e) Alcohol withdrawal induced opposite changes in alcohol consumption of young A53T and wt animals after reinstatement
(genotype: F(1, 28)=3.05, p=0.091; time: F(2, 56)=1.0059, p=0.3722, genotype x time: F(2, 56)=4.2927, p=0.018; first reinstatement
period: p=0.028 in A53T and p>0.05 in wt; second reinstatement period: p>0.05 in A53T and p=0.043 in wt; (f), while stress exposure
overwrote these differences (genotype: F(1, 8)=2.957, p=0.124; time: F(3, 24)=1.584, p=0.219; genotype x time interaction: F(3,
24)=0.798, p=0.507; (g) Animal number: A53T—n=5; wt—n=5. No genotype-specific differences were observed in the blood alcohol
concentration (BAC) of young female mice (genotype: F(1, 17)=0.019, p=0.893; time: F(2, 34)=70.999, p <0.001; genotype x time: F(2,

34)=0.360, p=0.700; (h). Animal number: A53T—n=6; wt—n=13.

differences in alcohol consumption, alcohol preference, and water
consumption were observed under these conditions (Figure 3g;
Figure S3). In summary, young adult female A53T mice exhibit re-
duced alcohol consumption and preference in the model of intermit-
tent drinking. However, alcohol withdrawal induced an increase in
alcohol consumption and preference in transgenic mice but not in wt
mice. This increase was diminished after exposure to stress.

Young adult male A53T mice exhibited enhanced average daily al-
cohol consumption and preference in the model of intermittent drink-
ing (Figure 4d; Figure S3; Table 1). Average daily water intake under
these conditions was reduced (Figure 4e). Alcohol deprivation led to
a reduction in alcohol consumption at both reinstatement episodes in
young male A53T mice but not in wt mice (Figure 4f). Similarly, alcohol

preference after withdrawal was also reduced in A53T males, reach-
ing significance only during the first reinstatement period (Figure S3).
However, a significant enhancement of this parameter during the first
reinstatement episode was observed in wt animals, but not during the
second reinstatement episode. Water consumption decreased in both
wt and A53T mice after alcohol deprivation (Figure S3).

The effects of stress during reinstatement on alcohol consump-
tion and preference were similar to the pattern of changes in non-
stressed animals. Male A53T mice exhibited a significant reduction
in alcohol consumption and preference, but not water intake, during
all reinstatement days (Figure 4g; Figure S3). However, this effect
was not as pronounced in wt males. Therefore, young adult male
A53T mice are characterized by enhanced alcohol consumption
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FIGURE 4 Alcohol consumption behavior of A53T males in early adulthood. In the model of constant access to alcohol, reduced

alcohol (genotype: F(1, 6)=2.058, p=0.2014; concentration: F(4, 24)=211.272, p<0.0001; genotype x concentration interaction: F(4,
24)=4.1866, p=0.010; 16%: p=0.037; (a) was observed in young adult male A53T mice. Water consumption (genotype: F(1, 6)=0.2311,
p=0.6477; concentration: F(4, 24)=10.607, p <0.0001; genotype x concentration interaction: F(4, 24)=2.123, p=0.1091; (b) and sensitivity
for the reinstatement of drinking after withdrawal (genotype: F(1, 28)=1.151, p=0.292; time: F(2, 56)=7.882, p=0.001; genotype x time
interaction: F(2, 56)=3.415, p=0.039; (c) were not altered under these conditions. Animal number: A53T—n=4; wt—n=4. In the model of
intermittent access to alcohol, enhanced alcohol consumption (t=-4.308, p <0.0001 (d) but reduced water intake (t=-5.480, p <0.0001;

(e) was observed in young male A53T mice. The alcohol deprivation-induced reduction in alcohol consumption in A53T mice, both exposed
(genotype: F(1, 28)=1.151, p=0.292; time: F(2, 56)=7.882, p=0.001; genotype x time: F(2, 56)=3.415, p=0.040; A53T: Rel: p=0.023; Re2:
p=0.001; wt: p>0.05; (f) and not exposed to stress (genotype: F(1, 8)=0.809, p=0.395; time: F(3, 24)=10.616, p=0.0001; genotype x time:
(F(3,24)=1.760, p=0.182; A53T: Rel: p<0.0001; Re2: p=0.0004; Re3: p=0.005; wt: Re2: p=0.013; (g). Animal number: A53T—n=>5;
wt—n=5. No genotype-specific differences were observed in the blood alcohol concentration (BAC) of young adult male mice (genotype:
F(1,17)=0.021, p=0.887; time: F(2, 34)=49.008, p <0.001; genotype x time interaction: F(2, 34)=1.516, p=0.234; (h). Animal number:
A53T—n=11; wt—n=8.

and preference in the model of intermittent access. The alcohol sex-specific changes in alcohol consumption are not related to dif-

deprivation-induced reduction in alcohol consumption was more ferences in alcohol bioavailability.
pronounced in young adult A53T mice than in wt mice, both when
exposed and not exposed to stress.
3.1.5 | Brain region-specific changes in sphingolipid

metabolic enzymes in early adulthood

3.1.4 | Intact blood alcohol concentration in young
adult A53T mice

In both young female and male A53T mice, we observed no sig-
nificant genotype-specific differences in the blood alcohol con-
centration (BAC) (Figures 3h, 4h; Table 1). Therefore, the observed

Ceramides, their precursors, and the enzymes involved in their
metabolism significantly contribute to the development of neuro-
degenerative diseases, depressive episodes, and drug use disorders
(Gulbins et al., 2013; Kalinichenko et al., 2022, 2023; Kalinichenko,
Hammad, et al., 2019; Kalinichenko, Mihle, et al., 2019, 2021;
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Miuiller et al., 2017; Zoicas et al., 2020). In this study, we investigated
whether changes in ceramide metabolism appear in A53T mice dur-
ing early adulthood. We observed an overall brain region-specific
increase in the activities of the studied enzymes. Specifically, the
activities of ASM, NC, and SMS in the VM, ASM, and NSM in the
DH, NSM in the DM and VH, as well as AC activity in the PFC of
female A53T mice were higher than in wt littermates (Figure 5).
However, no changes were observed in the cerebellum and amyg-
dala (Figure 5j,k; Figure S4).

Conversely, the activity of NSM in the VM and AC in the
PFC and the cerebellum was reduced in young male A53T mice
(Figure 6; Figure S5). However, the activities of the other studied
enzymes remained unaffected (Figure 6; Figure S5). These find-
ings highlight the early effects of the A53T mutation on sphingo-
lipid synthesis and metabolism, which vary based on brain region

and sex.

3.2 | Behavioral and neurochemical changes in
AS53T transgenic mice in late adulthood

3.2.1 | Anxiety- and depression-like phenotype in
male, but not female A53T mice in late adulthood

Similar to young animals, no alterations in anxiety-like behav-
ior were observed in female A53T mice in late adulthood (from
24 weeks old). There were no genotype-driven differences in
the time spent in the center of the OF, relative time, center track
length, visits in the center, or visit latency in female mice. Notably,
total locomotion in the OF was similar in older adult female A53T
and wt mice (Figure S7), indicating the absence of PD motor
symptoms.

In the EPM, a slight, albeit not statistically significant, reduc-
tion in the time spent and track length in the open arms, as well as
relative locomotion and relative time, was observed in aged female
A53T mice compared to wt mice (Figure 7c; Figure S6é). Other pa-
rameters studied in the EPM test did not show genotype-specific
differences (Figure Sé). Likewise, no differences were found in the
time spent in the light compartment of the LDB test, track length,
visits, and visit latency between A53T and wt littermates (Figure 7d,;
Figure S6). These data indicate that anxiety-like behavior remained
unchanged in aged female A53T mice.

Analysis of depression-like behavior in the FST, NSF, and SPT
in older adult female A53T mice also did not reveal any significant
genotype-driven differences (Figure 7e-g; Figure S6). Altogether,
these data indicate that anxiety- and depression-like behavior re-
mains intact in older female A53T mice.

In older adult male A53T mice, pronounced anxiety-like behavior
was observed in the EPM test. A53T males spent less time in and
made fewer visits to the open arms compared to their wt littermates
(Figure 7j; Figure S7; Table 1). Additionally, track length in the open
arms and relative track length in the EPM were significantly reduced
in A53T males, while relative time spent in these arms showed a
slight decrease (Figure S7). However, no significant genotype-driven
differences were observed in all the parameters studied in the OF
and LDB tests (Figure 7h,i k; Figure S7).

In the FST, older adult male A53T mice exhibited a significantly
longer duration of floating, although the reduction in the latency
of floating did not reach statistical significance (Figure 7l,m). In the
NSF and SPT, the studied parameters did not differ between aged
A53T males and wt littermates (Figure 7n; Figure S6). Altogether,
similar to young adult A53T males, older adult male A53T ani-
mals displayed enhanced levels of anxiety and depression in late
adulthood.

3.2.2 | Diminished alcohol consumption in male
AS53T mice in late adulthood

Aged male A53T mice were exposed to alcohol exposure using the
two-bottle free-choice access model. We observed a significantly
lower consumption of alcohol, which reached statistical significance
at the 16% concentration, in older adult male A53T mice compared
to their wt littermates (Figure 8a; Table 1). However, alcohol pref-
erence and water consumption did not differ between male A53T
and wt mice (Figure 8b; Figure S8). We did not observe genotype-
related differences in the ADE either (Figure S8). The taste prefer-
ence test did not reveal any differences in the avoidance of quinine
at the doses of 2 and 20mg/dL in older adult male A53T and wt
mice (Figure 8c). However, the preference for 5% sucrose, but not
0.5% sucrose, was significantly lower in A53T animals (Figure 8c).
Altogether, older adult male A53T mice are characterized by reduced
consumption of high-concentration alcohol but maintain intact sen-
sitivity for the reinstatement of alcohol drinking after withdrawal.

FIGURE 5 Activity of ceramide metabolizing enzymes in the brain areas of female A53T mice at the early (a-k) and late (I-v) adulthood.
AC, acid ceramidase; Amy, amygdala; ASM, acid sphingomyelinase; Cereb, cerebellum; DH, dorsal hippocampus; DM, dorsal mesencephalon;
NC, neutral ceramidase; NSM, neutral sphingomyelinase; PFC, prefrontal cortex; SMS, sphingomyelin synthase; VH, ventral hippocampus;
VM, ventral mesencephalon; VS, ventral striatum. In young female A53T mice, an increase in the activities of ASM, NC, and SMS in the VM
(t=4.660,p<0.001; t=-2.973, p=0.007; t=2.517, p=0.021; a-c), ASM and NSM in the DH (t=2.543, p=0.019; t =4.120, p=0.033; d-e),
NSM in the DM and VH (t=2.120, p<0.001; t=3.581, p=0.002; f-g), and AC in the PFC (t=3.508, p=0.002; i) were observed. In aged
female A53T mice, a decrease in the activity of ASM (t=-2.377, p=0.028), NC (t=-5.149, p<0.0001), and SMS (t=-2.013, p=0.058) in the
VM (I-n), AC in the VS (t=-2.691, p=0.014; s), and NSM in the cerebellum (t=2.521, p=0.019, u) was observed. In the Amy, the activity of
SMS was significantly higher in A53T mice compared to wt animals (t=3.008, p=0.007; v). Animal number: early adulthood—A53T: n=6; wt:
n=13; late adulthood—A53T: n=8; wt: n=9.
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FIGURE 6 Activity of ceramide metabolizing enzymes in the brain areas of male A53T mice at the early (a-g) and late (h-n) adulthood.
ASM, acid sphingomyelinase; NSM, neutral sphingomyelinase; AC, acid ceramidase; NC, neutral ceramidase; SMS, sphingomyelin synthase;
VM, ventral mesencephalon; DM, dorsal mesencephalon; DH, dorsal hippocampus; VH, ventral hippocampus; VS, ventral striatum; PFC,
prefrontal cortex; Cereb, cerebellum; Amy, amygdala. In young male A53T mice, a reduction in the activity of NSM in the VM (t=-2.555,
p=0.019 (a) and AC in the PFC and cerebellum (t=-2.848, p=0.010; t=-2.657, p=0.016; (e-f) was found. In older adult male A53T mice,
an increase in the activity of ASM in the DM and VH (t=2.556, p=0.019 and t=2.270, p=0.036; i, j) and AC in the VS (t=3.137, p=0.006;
k) was registered. The activities of AC in the cerebellum (t=-3.197, p=0.005; m) and SMS in the amygdala (t=-2.304, p=0.034; n) were
reduced in male A53T mice. Animal number: early adulthood—A53T: n=11; wt: n=8; late adulthood—A53T: n=10; wt: n=11.

3.2.3 | Intact blood alcohol concentration in A53T
mice of both genders

Similar to young mice, no differences in BAC were found in older
adult A53T mice of both genders (Figure 8; Figure S8c; Table 1).
Therefore, the observed changes in alcohol consumption in male
A53T mice were not related to altered alcohol bioavailability.

3.2.4 | Brain region-specific changes in sphingolipid
metabolism enzymes in late adulthood

In contrast to young animals, the activity of the studied enzymes
involved in ceramide metabolism was mostly reduced in older female
AS53T mice. Specifically, the activities of ASM, NC, and SMS in the
VM of older female A53T mice were diminished (Figure 5I-n). The
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FIGURE 7 Altered emotional behavior in A53T males, but not females in late adulthood. In aged female A53T mice, no changes in relative
time spent in the center of the open field (OF) and center locomotion (a, b), time spent in the open arms of the elevated plus maze (EPM) (c),
number of visits to the light compartment of the light-dark box (LDB) (d), latent period (e) and duration of floating (f) in the forced swim test
(FST), and sucrose preference in the sucrose preference test (g) were observed (p>0.05). Animal number: A53T—n=8; wt—n=9. In aged
male A53T mice, the relative time (h) and locomotion in the center (i) of the OF, as well as the number of visits in the light compartment

of the LDB (k), tended to decrease (p>0.05). The time spent in the open arms of the EPM was significantly reduced in male A53T mice
(t=-2.200, p=0.050; j). Increased duration of floating (t=2.382, p=0.028; m) and slightly reduced latency of floating (t=-1.280, p=0.109;

) in the FST, but not or sucrose preference in the SPT (p>0.05; n), indicated depression-like behavior in male A53T mice in late adulthood.
Animal number: A53T—n=10; wt—n=11.

A53T mutation was associated with reduced AC activity in the VS hippocampus (VH), dorsal mesencephalon (DM), and prefrontal cor-
and NSM activity in the cerebellum of these animals (Figure 5s,t). tex (PFC) of aged mice (Figure S10; Table 2).

However, the activity of SMS in the amygdala was significantly In older adult male A53T mice, we observed enhanced activity
higher in A53T mice compared to wild-type (wt) animals (Figure 5v; of ASM in the DM and VH, as well as increased AC activity in the
Figure S10; Table 2). No significant sex-specific differences in the VS (Figure 6i-k; Table 2). However, the activity of AC was reduced
activities of the studied enzymes were observed in the DH, ventral in the cerebellum of A53T mice (Figure 6u). In the amygdala (Amy),
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FIGURE 8 Alcohol consumption behavior at the constant access model in A53T males in late adulthood. Aged male A53T mice are
characterized by a reduced consumption of alcohol of high concentration (genotype: F(1, 27)=1.7090, p=0.2012; concentration: F(4,
108)=146.1697, p<0.0001; genotype x concentration: F(4, 108)=2.6053, p=0.0398; 16%: p=0.011; a), but intact water consumption
(genotype: F(1, 27)=0.597, p=0.446; concentration: F(4, 108)=0.218, p=0.928; genotype x concentration: F(4, 108)=55.016, p<0.0001;

b) and sensitivity for the reinstatement of alcohol drinking after withdrawal (p>0.05; d). Preference of 5% sucrose (t=2.1076, p=0.038), but
not aversion to quinine of both studied concentrations, was diminished (t=1.5832, p=0.1171 and t=-0.0605, p=0.9519) in aged male A53T
mice (c). Animal number: A53T—n=16; wt—n=15. No genotype-specific differences were observed in the blood alcohol concentration (BAC)
of aged male A53T mice (genotype: F(1, 19)=0.151, p=0.702; time: F(2, 38)=25.246, p <0.001; genotype x time interaction: F(2, 30)=0.199,

p=0.820; e). Animal number: A53T—n=10; wt—n=11.

the activity of SMS was slightly lower in male A53T mice compared
to their wild-type (wt) littermates (Figure 6v). No significant sex-
specific differences in the activities of the studied enzymes were
observed in the DH, VH, DM, cerebellum, amygdala, and prefrontal
cortex (PFC) of aged male mice (Figure S10).

4 | DISCUSSION

Familial cases of PD are caused by single-gene mutations, such as
single-nucleotide polymorphisms in the A53T gene. One of the cru-
cial effects of these mutations is the overexpression of a-synuclein,

leading to the development of synucleinopathies, particularly PD
(Klein & Westenberger, 2012; Nuber et al., 2013, 2018). However,
early behavioral changes during the prodromal stages of PD, which
occur before a-synuclein overproduction, might still be influenced
by these mutations. In general, gene mutations can have pleiotropic
effects, impacting both the adaptation and survival of individuals. In
our study, we observed no significant changes in alcohol consump-
tion and emotional traits in female A53T mice during both early
and late adulthood prior to the onset of the disease. Brain-specific
activation of ASM and NSM in these mice during young adulthood
may have neuroprotective effects, potentially slowing down the dis-
ease progression. In A53T males, there was a decrease in alcohol
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TABLE 2 Changes in the enzymes of the sphingomyelinase pathway of ceramide metabolism in A53T mice compared to wild-type

littermates at early and late adulthood.

Female A53T mice

Brain structure Young adulthood

Ventral mesencephalon tASM LASM
tNC INC
1SMS 1SMS

Dorsal mesencephalon TNSM -

Ventral hippocampus TNSM -

Dorsal hippocampus TASM -
TNSM

Ventral striatum - 1AC

Prefrontal cortex TAC -

Cerebellum - tNSM

Amygdala - 1SMS

Late adulthood

Male A53T mice

Young adulthood Late adulthood
INSM -

- TASM

- TtASM

- TAC

1AC -

1AC 1AC

- 1SMS

Abbreviations: -, no changes; |, decrease; AC, acid ceramidase; ASM, acid sphingomyelinase; NC, neutral ceramidase; NSM, neutral

sphingomyelinase; SMS, sphingomyelin synthase. 1, increase.

consumption in a free-choice constant access alcohol-drinking model
during both early and late adulthood. However, male A53T mice ex-
hibited notable impairments in anxiety- and depression-like behav-
ior during young and late adulthood. These changes in males were
accompanied by completely different alterations in the ceramide
metabolism compared to female mice. Therefore, we observed that
the A53T gene mutation is associated with sex-specific changes in
emotional and alcohol consumption behavior long before the onset
of PD. These behavioral effects may be mediated by region-specific
changes in brain ceramide metabolism (Zoicas et al., 2016), which
could either protect against or promote the development of adverse
neurochemical changes.

The A53T mutation was not associated with the changes in al-
cohol consumption behavior in female mice during both young and
late adulthood. However, we did observe specific alterations in
brain ceramide metabolism. The increased activity of NSM in the
DM, DH, and VH regions of young adult female A53T mice might act
as a protective mechanism against the early development of neu-
ronal pathology typically associated with PD. NSM has been iden-
tified as a critical regulator of autophagy, which plays a vital role
in safeguarding neurons from cellular damage, particularly dopa-
minergic toxicity (Back et al., 2018). NSM overexpression has been
demonstrated to rescue autophagy-associated neurodegeneration
in Drosophila blue cheese mutants (Hebbar et al., 2015). Conversely,
a reduction in NSM activity in an MPTP-induced mouse model of
PD led to increased neuroinflammation and oxidative stress (Cataldi
et al., 2017). Similar neuroprotective effects have been reported for
ASM, whose activity was heightened in the VM and DH regions of
young adult female A53T mice. Diminished ASM activity has been
linked to an elevated risk of PD (Gan-Or et al., 2015) and earlier
onset of the disease (Alcalay et al., 2019). A study involving Hela
and BE(2)-M17 dopaminergic cells showed increased a-synuclein
levels after SMPD1 knockout or knockdown (Alcalay et al., 2019).
Consequently, the substantially heightened activities of ASM and

NSM in multiple brain regions of young adult female A53T mice
might be proposed as a potential mechanism of the early stage of PD
and may offer protective effects against early adverse neurochemi-
cal alterations in the brain.

However, it is important to note that the observed changes in
sphingomyelinase activities may not fully account for the advanta-
geous behavioral phenotype observed in female mice. Our previous
data indicated that an increase in ASM activity resulted in an aug-
mented depression- and anxiety-like phenotype and significantly
increased alcohol consumption (Miiller et al., 2017), while a reduc-
tion in NSM activity induced the opposite phenotype in female mice
(Kalinichenko, Miihle, et al., 2021). Moreover, we cannot rule out the
potential contribution of other enzymes involved in ceramide me-
tabolism, such as AC, NC, and SMS, as well as enzymes in the de novo
pathway, as their contribution to emotional and alcohol use behavior
has not been extensively studied yet.

Conversely, the preserved emotional phenotype in late adult-
hood among female A53T mice was associated with different, and
at times even opposing, changes in the activity of the examined en-
zymes. Specifically, the heightened ceramide metabolism observed
in the VM of female A53T mice during early adulthood shifted to
inhibition during late adulthood. These findings align with those of
a recent study demonstrating that inhibiting the de novo pathway
of ceramide synthesis significantly enhances a-synuclein toxicity
in yeast cells expressing A53T (Lee et al., 2011). This interaction
between ceramide synthesis and a-synuclein functioning could
potentially serve as one of the pathogenetic mechanisms trigger-
ing the transition from late adulthood to the onset of PD. However,
these data were not consistent with those of previous preclinical
and cellular studies that have shown increased ceramide produc-
tion and associated a-synuclein proteinopathy in PD (Kurzawa-
Akanbi et al., 2021; Mingione et al., 2021). It is important to note
that the vast majority of previous data were generated in cell cul-
tures or animal models without gender segregation. Therefore, we
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observed a fundamentally new ceramide-mediated mechanism
specific to females, which might be related to PD pathogenesis.

In contrast to female mice, the A53T mutation in males was as-
sociated with impaired emotional status during both early and late
adulthood. These findings align with those of a human twin study
that demonstrated a link between trait neuroticism and the risk of
PD development (Sieurin et al., 2016). On the contrary, the A53T
mutation was accompanied by reduced alcohol consumption in the
constant access model in both young and aged adult male A53T mice,
which contradicts previous preclinical data from transgenic mice ex-
pressing human mutant [A30P]aSYN, indicating enhanced reinforc-
ing effects of alcohol under operant self-administration conditions
during PD development (Rotermund et al., 2017). Another critical
gene implicated in PD development, SNCA, has been identified as a
candidate gene for alcoholism (Levey et al., 2014). Single-nucleotide
polymorphisms in this gene have been associated with increased
alcohol-craving behavior (Agrawal et al., 2013) and responses to alco-
hol taste cues (Wilcox et al., 2013). However, several epidemiological
and clinical studies have suggested an inverse relationship between
alcohol use disorder and PD (Bharucha et al., 1986; Fall et al., 1999;
Jiméanez-Jiméanez et al., 1992). Specifically, allele length variabil-
ity of the dinucleotide repeat sequence within the a-synuclein gene
promoter (SNCA REP1) has been linked to PD but does not correlate
with alcohol consumption (Brighina et al., 2009). Similarly, reduced
expression of a-synuclein in the dorsolateral prefrontal cortex of
long-term alcoholics as a result of a shorter REP1 allele of the SNCA
gene indicates an inverse correlation between a-synuclein expres-
sion and alcohol consumption (Janeczek et al., 2014). Therefore,
a-synuclein overexpression during proteinopathies does not neces-
sarily lead to increased alcohol consumption.

Interestingly, unlike female mice, changes in the activities of the
studied enzymes involved in ceramide synthesis in male mice may
contribute to the observed emotional phenotype. While no neuro-
protective increase in the activities of ASM and NSM was observed
in young adult male mice, the A53T mutation-induced reduction in
NSM activity in the VM might contribute to the development of
the affective state already in early adulthood as previously shown
in NSM knockout mice (Kalinichenko et al., 2023). However, this
change does not explain the reduced alcohol consumption in these
animals (Kalinichenko et al., 2023). Notably, the ceramide-based
mechanism of anxiety and depression-like behavior in A53T mice
appears to change with age. In late adulthood, the affective state,
as well as reduced alcohol consumption, might be mediated by an
increase in ASM activity in the DM and VH (Midiller et al., 2017). This
could be influenced by the negative effects of ASM overexpression
on neurogenesis in mice (Gulbins et al., 2013, 2015).

Additionally, human A53T and A30T mutations in transgenic
mice, even at the prodromal stages of PD (4-6months), have
been associated with impaired hippocampal neurogenesis, poten-
tially leading to changes in emotional patterns (Kohl et al., 2012;
Marxreiter et al., 2013). Previous studies have also observed pro-
found dysfunction in the serotonergic system in different PD
models (Deusser et al., 2015; Kohl et al., 2016; Wihan et al., 2019).

Considering the interaction between enhanced ASM activity and re-
duced serotonin levels in several murine brain structures, as shown
by Miiller et al. (2017), ASM activation in male A53T mice in late
adulthood might contribute to serotonin deficiency and associated
anxiety- and depression-like behavior (Mller et al., 2017). On the
other hand, ASM activation in several brain structures of male A53T
mice in late adulthood might induce a-synuclein overproduction
(Alcalay et al., 2019). These neurochemical changes might collec-
tively contribute to the adverse emotional state and altered alcohol
consumption phenotype. However, it should be noted that the ob-
served changes in other enzymes involved in ceramide metabolism
might also contribute to the pathogenesis of early stages of PD.

In our study, we observed gender-specific differences in PD
pathogenesis that align with the sex-specificity observed in clinical
data. Human studies have shown a significantly higher frequency of
PD in men (Baldereschi et al., 2000; Solla et al., 2012), but women
exhibit a higher mortality rate and faster progression of the disor-
der (Solla et al., 2012). Additionally, a positive association between
anxiety and depression and PD was observed in male patients, but
not in female patients (Jacob et al., 2010), which is consistent with
our findings. Animal studies conducted on aged A53T mice also
indicate reduced dopamine neuron degeneration and TH immuno-
reactivity in the striatum and substantia nigra in female mice com-
pared to males (Costa et al., 2020; Sirabella et al., 2018). Male A53T
mice, on the other hand, exhibit an acceleration of PD development
characterized by enhanced neuroinflammation, microglia activation,
degeneration of dopaminergic neurons, and reduced dopamine lev-
els after stress (Wu et al.,, 2016). In summary, these data suggest
that females demonstrate higher resistance to the development
and manifestations of PD, which may be influenced by various
mechanisms, including innate differences in ceramide metabolism
(Kalinichenko, Abdel-Hafiz, et al., 2021; Kalinichenko et al., 2022,
2023; Kalinichenko, Miihle, et al., 2021).

In conclusion, the A53T mutation is linked to a range of changes
in emotional responses and alcohol consumption behavior, which
manifest long before the onset of PD symptoms. Notably, the pro-
tective effects of this mutation, specific to each sex, were observed
already during early adulthood, likely contributing to its persistence
within the population. The alterations in emotional responses and
alcohol consumption behavior in A53T mice appear to be associ-
ated with brain ceramide metabolism. Nevertheless, a more com-
prehensive exploration of the various pathways involving ceramide
transitions is necessary to establish early predictive criteria for the

development of PD.
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