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ABSTRACT

Addiction is a chronic and severe mental disorder with high gender- and sex-specificity. However, the patho-
genesis of this disorder is not fully elucidated, and no targeted pharmacotherapy is available. A growing body of
evidence points out the potential involvement of the ceramide system in the pathophysiology of addiction. A
pathogenic pathway for several mental disorders based on the overexpression of an enzyme involved in ceramide
formation, acid sphingomyelinase (ASM), was recently proposed. Here we show a crucial role of ASM specifically
overexpressing in the forebrain for various types of addiction-related behaviours in a drug- and sex-specific way.
In male mice, a forebrain ASM overexpression led to enhanced alcohol consumption in a free-choice paradigm. It
also diminished the reinforcing properties of alcohol and cocaine, but not that of amphetamine, ketamine, or a
natural reinforcer fat/carbohydrate-rich food in the conditioned place preference (CPP) test in males. In female
mice, a forebrain ASM overexpression enhanced alcohol binge-like drinking, while moderate alcohol con-
sumption was preserved. ASM overexpression in females contributed to CPP establishment for amphetamine, but
not for other psychoactive substances. Altogether, this study shows a specific involvement of forebrain ASM in
the development of conditioned reinforcing effects of different types of substances with addictive properties in a
sex-specific way. Our data enlarge the current knowledge on the specific molecular mechanisms of dependence
from various drugs of abuse and might serve as a basis for the development of drug- and sex-specific targeted
therapy.

1. Introduction

Considering severe medical and social consequences of drug dependence
and addiction as well as absence of targeted therapeutical approaches,

Addiction is defined as a severe chronic relapsing disorder charac-
terized by compulsive drug seeking and use despite adverse conse-
quences (American Psychiatric Association, 2013). It is estimated that
29 % of Europeans aged 15-64 years have ever used an illicit drug, with
about 1.5 times higher prevalence in males than in females (European
Monitoring Centre for Drugs and Drug Addiction, 2022). Most of drugs
are taken by the vast majority of consumers in a controlled way for
instrumentalization (Miiller et al., 2021, 2023; Spanagel et al., 2024),
which might then result in the transition to addiction (Miiller, 2020).
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investigation of new potential mechanisms of this disorder is of special
interest.

Membrane lipids, and particularly ceramides, have long been
considered to have mainly a structural function. However, recent studies
suggest an active role of ceramides in synaptic plasticity, thus contrib-
uting to synaptic transmission and controlling behavioural plasticity
(Kalinichenko et al., 2024). Particularly, the ceramide system is shown
to play an important role in several mental and psychiatric disorders
including drug use and addiction (Schneider et al., 2017; Kalinichenko
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etal., 2018, 2022). Enzymes of the ceramide formation, such as acid and
neutral sphingomyelinases (ASM and NSM), are shown to be involved in
the mechanisms of dependence to drugs such as alcohol and cocaine
(Nassogne et al., 2004; Miiller et al., 2017; Miihle et al., 2018; Frank-
owska et al., 2021; Kalinichenko et al., 2021a, 2023). In mice, whole
body ASM overexpression is associated with enhanced alcohol con-
sumption in a free-choice paradigm, which allows the individuals to
control a genetically-induced depression (Gulbins et al., 2013; Miiller
et al., 2017). Moreover, cocaine self-administration results in a decrease
in the expression of the Smpdl gene coding for ASM in the prefrontal
cortex, but not other brain structures of rats (Frankowska et al., 2021).
Taking into account the specific importance of the ceramide system for
brain functioning, we propose that the brain, and particularly the fore-
brain ASM is crucial for modulating the drug use-specific phenotype.
Here we analyzed the response to common addictive drugs, such as
alcohol, cocaine, amphetamine, and ketamine, as well as food prepa-
ration with high addictive potential (Hess et al., 2019) in transgenic
mice with forebrain-specific ASM overexpression. Alcohol, cocaine, and
amphetamine have been selected as the major drugs relevant for clinical
practice (UNODC, 2023). Due to recent establishment of ketamine as an
antidepressant treatment, prevalence of ketamine misuse has been
substantially growing over last years (Liu et al., 2016). In addition, we
used a food preparation with high addictive potential, which composi-
tion and fat/carbohydrate ratio corresponds to the “cafeteria diet” (de
Macedo et al., 2016; Hess et al., 2019). Drug addiction is mediated by a
variety of molecular mechanisms, among which the involvement of
brain monoaminergic systems is frequently studied. Among others, the
serotonergic system is playing a crucial role in the pathogenesis of
addiction for virtually all addictive substances including those we are
focusing on in the present study (Yoshimoto et al., 2012; Miiller and
Homberg, 2015; Tanaka and Watanabe, 2020; Campbell et al., 2021;
Gretler and McClain, 2023). Therefore, we analyzed the differences in
serotonin (5-HT) receptor expression in the brain of transgenic mice
with forebrain-specific ASM overexpression after alcohol administra-
tion. As the ceramide system is characterized by high sex-specificity
(Miihle et al., 2018; Zoicas et al., 2020b; Kalinichenko et al., 2021a,
2023), we investigated the role of the forebrain ASM in female and male
mice separately.

2. Materials and methods
2.1. Animals

Male and female mice (8-18 weeks old) overexpressing ASM in the
forebrain (ASMtgﬂ’) as well as wild-type (wt) littermates were utilized in
the experiments. These mice were generated by crossing female ASMtg
mice with male Emx1IREScre homozygous mice as described previously
(Zoicas et al., 2020b). As the ASM transgene in this mouse line is located
on the X-chromosome, female ASMtgfb mice are heterozygous, while
males were hemizygous for the transgene (Zoicas et al., 2020Db).
Therefore, in this study the data from female and male ASMtg™ were
analyzed and discussed separately. 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 07:00 pm to 07:00 am. All animals had ad libitum access to food
and water.

Experiments were performed accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the Gov-
ernment of Unterfranken, EU Directive 2010/63/EU for animal experi-
ments, and complied with the ARRIVE guidelines. Ethical approval was
obtained from the German Animal Protection Law Authority, Regierung
von Unterfranken. The experimenter conducting the tests remained
blind to the study groups or genotypes of the animals. All efforts were
made to minimize animal suffering and to reduce the number of animals
used.
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2.2. Alcohol-drinking phenotype in the free-choice unlimited access
paradigm

Naive mice of both sexes (ASMtgfb -n = 10 males/14 females; wt - n
= 9 males/12 females) were individually housed for 2 weeks before the
initiation of alcohol exposure. Each cage was equipped with two
drinking bottles with tap water. After the acclimatization phase, water
in one of the bottles was replaced with alcohol at increasing concen-
trations of 2, 4, 8, 12, and 16 vol% for 4 days each, while another bottle
contained tap water. The positions of the bottles were changed and the
bottles were weighted every second day. Subsequently, the alcohol
concentration was maintained at 16 vol% for 8 days.

To assess the alcohol deprivation effect, alcohol was withdrawn for 3
weeks, during which both bottles contained tap water. Afterwards,
alcohol was reintroduced at a concentration of 16 vol% for 4 days. This
procedure (3 weeks withdrawal +4 days of reinstatement) was per-
formed twice. The bottles were changed and weighed on a daily basis.
The daily amount of alcohol consumed relative to body weight and the
preference for alcohol over water were calculated. Control group ani-
mals (ASMtgﬂ’ - n = 6 males/6 females; wt - n = 6 males/6 females),
which were utilized for the analysis of the serotonergic receptor
expression, had access to two bottles containing only water within the
whole experiment (Miiller et al., 2017; Kalinichenko et al., 2021b).

2.3. Taste preference test

Alcohol-experienced animals, which had been exposed to the two-
bottle free-choice unlimited access, were employed for this test. Su-
crose preference (0.5 % and 5) and quinine aversion (2 mg/dl and 20
mg/dl) were assessed in a two-bottle free-choice test against water. The
test was conducted three days after the last exposure to alcohol. Each
dose of sucrose and quinine was provided for 3 days, with the positions
of the bottles being switched and their weights recorded daily. A one-
day washout period was provided between the sucrose and quinine
testing phases (Miiller et al., 2017; Kalinichenko et al., 2021b).

2.4. Alcohol-drinking phenotype in the intermittent alcohol consumption
paradigm

Another alcohol consumption phenotype can be observed in the
drinking in the dark (DID) schedule, where alcohol is available for 2 h
(starting 3 h into the dark cycle) for 5 consecutive days. This paradigm
induces high and consistent alcohol consumption in mice (Rhodes et al.,
2005; Zoicas et al., 2020a) as it is performed in the active phase of mice
when ingestive behaviours are highest, but still leaves mice the choice of
drinking or avoiding the alcohol solution. This protocol is proposed as a
model for human binge-like alcohol drinking and is intended to reflect
the mechanisms underlying alcohol-dependent behaviours in humans
(Smutek et al., 2014). Naive mice of both sexes (ASMtgfb -n=9
males/10 females; wt - n = 8 males/8 females) were individually housed
for 2 weeks before the commencement of alcohol exposure. Each cage
was equipped with one drinking bottle with tap water. The water bottle
was replaced by a bottle containing 10 vol% alcohol solution for 2 h,
beginning 3 h into the dark cycle, for 5 days. Control (water drinking)
mice received a bottle of water for 2 h. All mice received a water bottle
for remaining 22 h. The bottles were weighed, and the amount of alcohol
consumed relative to body weight was calculated (Konig et al., 2020).

2.5. Blood alcohol determination

Naive male mice (ASMtgfb - n = 8 males; wt - n = 5 males) were
administered an alcohol injection (3.0 g/kg, i.p.). Subsequently, 20 pl
blood samples were collected from the submandibular vein at 1, 2, and 3
h after the injection, without the use of anaesthesia. These blood samples
were immediately mixed with 80 pl of 6.25 % (w/v) trichloroacetic acid.
After centrifugation, 15 pl of the supernatant were subjected to
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enzymatic alcohol determination using the alcohol dehydrogenase
method, as described previously (Zheng et al., 2016).

2.6. Conditioned place preference (CPP)

2.6.1. Alcohol, cocaine, or amphetamine CPP

Drug-seeking behaviour is often triggered by certain contextual cues
associated with drugs of abuse. Reinforcing effects of natural and
pharmacological stimuli, including drugs of addiction, and associations
between cues and drug seeking phenotype are captured in the CPP test
(Huston et al., 2013; Pati et al., 2019). The establishment of drug-
induced CPP was tested in naive ASMtgfb and wt mice with a time-
course CPP model described previously using the TSE Place Preference
test boxes (TSE Systems, Bad Homburg, Germany) (Easton et al., 2014;
Kogias et al., 2020). The following substances were administered to
naive animals: alcohol (ASMtgfb - n = 7 males/6 females; wt -n = 9
males/20 females), cocaine (ASMtgfb -n = 9 males; wt - n = 10 males),
and D-amphetamine (ASMtgfb -n =9 males/8 females; wt - n = 9 males/
8 females). All animals were handled for 5 days before the experiment.
The experiment involved four phases; habituation trial (one session),
baseline testing (pre-conditioning, Bl), conditioning trials (14 sessions)
and post-conditioning preference tests (3 sessions, T1-T3). For the drug-
induced CPP (alcohol, cocaine, amphetamine), one week before the test
animals were injected with saline (10 ml/kg) once a day for 3 days (Mon,
Wed, Fri) to minimize injection-induced stress during testing.

2.6.1.1. Baseline test. The pretest was designed to establish a baseline
level of preference for each individual animal. Mice were injected with
saline and introduced into the center compartment with free access to all
three compartments for 20 min.

2.6.1.2. Conditioning trials. An unbiased experimental design was used:
half of the mice were conditioned to their preferred compartment, and
half of them to their non-preferred compartment. Animals were injected
i.p. immediately before each of 14 sessions with either saline or a psy-
chostimulant (2 mg/kg alcohol; 20 mg/kg cocaine; 2 mg/kg amphet-
amine), and introduced into one of two compartments, with restricted
access, for 5 min (alcohol) or 20 min (cocaine or amphetamine). All
animals received seven pairings with saline and seven pairings with a
drug. All drugs were diluted in saline and injected in the volume of 10
ml/kg.

2.6.1.3. Post-conditioning preference tests. To monitor the time course of
CPP establishment, preference tests were systematically performed after
one, three and seven conditioning/pseudo-conditioning trials. Before
each test, mice were injected with saline and introduced into the center
compartment with free access to all three compartments for 20 min.

To evaluate conditioned drug effects, time, entries, and distance
passed in the compartments during the baseline and test trials were
evaluated separately for conditioning and pseudo-conditioning com-
partments (CC and PC). An increase in behavioural frequency/time be-
tween baseline and test provides an indicator for the development of
CPP and allow to evaluate reinforcing or aversive properties of a drug.
Additional parameters, such as time per entry and distance per entry,
which allow more detailed analysis of animal behaviours during the test,
were also evaluated. As drug-induced hyperlocomotion may mask
possible reinforcing processes, we control drug-induced locomotion
during the conditioned trials (Huston et al., 2013).

2.6.2. Ketamine CPP

The ketamine-induced CPP in naive ASMtg™ and wt mice (ASMtg® -
n = 14 males/9 females; wt - n = 11 males/12 females) was conducted
similar to other psychostimulants. However, in this protocol the baseline
test was followed by four conditioning trials (four pairings with saline
and four pairings with ketamine) and one preference test. Ketamine was

Neurobiology of Disease 206 (2025) 106800

diluted in saline in the dose of 10 mg/kg and injected i.p. at a volume of
10 ml/kg (Guo et al., 2016).

2.6.3. Conditioned place preference induced by high fat/carbohydrate rich
food

Preference of high fat/carbohydrate content (FCH) food consisting of
powdered standard chow, sunflower oil, and potato flour (53:17.5:29.5
% as described in (Hess et al., 2019) was analyzed in naive ASMtgfb and
wt mice (ASMtgfb -n =9 males/10 females; wt - n = 9 males/13 females)
in the CPP test as described above (Hess et al., 2019). During the 20 min
conditioning trials, 1 g of FCH was placed in a small petri dish in the
middle of the CC, while the petri dish was left empty during pseudo-
conditioning trials.

2.7. Loss of righting reflex

Naive ASMtg™ and wt mice (ASMtg®™ - n = 8 males/14 females; wt - n
= 16 males/7 females) were administered with ketamine in the doses of
1, 10, 20, 50, 100 and 200 mg/kg (i.p.) in saline (10 ml/kg) to induce a
loss of the righting reflex (LORR), and immediately placed in an empty
cage. LORR was observed when the mouse became ataxic and stopped
moving for at least 30 s. The animal was then placed on its back. Re-
covery from alcohol administration was defined as the mouse being able
to right itself three times within a minute. A 2 h cut off was used. Time
taken for the animal to lose its righting reflex, and time to recovery from
alcohol’s effect were recorded (Miiller et al., 2017).

2.8. RT-qPCR analysis

Taking into account the importance of the serotonergic system for
addiction, and particularly alcohol use disorder (Yoshimoto et al., 2012;
Miiller and Homberg, 2015; (Campbell et al., 2021; Gretler and McClain,
2023; Miiller and Homberg, 2015; Tanaka and Watanabe, 2020;
Campbell et al., 2021; Gretler and McClain, 2023), we analyzed the
effects of forebrain ASM overexpression on 5-HT receptor expression
after alcohol drinking in a free-choice model. The brains of alcohol-
experienced and control mice of both sexes (ASM'[gfb - n = 6 males/6
females; wt - n = 6 males/6 females) from the free-access drinking study
described above were frozen in dry ice and stored at —80 °C. Subse-
quently, the nucleus accumbens (Nac) and dorsal hippocampus (DH)
were isolated. The expression of 5-HTj,, 5-HTs,, and 5-HTy in these
brain structures was determined. For this purpose, total RNA was iso-
lated from DH and Nac using the RNA Mini Kit (A&A Biotechnology,
Gdansk, Poland) according to the manufacturer’s instructions. The
synthesis of the cDNA by reverse transcription from equal amounts of
RNA was performed using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific, Life Technologies, Waltham, MA,
USA). RT-qPCR was performed using the QuantStudio 3 (Applied Bio-
systems, Foster City, CA, USA) and TagMan Gene Expression Assays
(Applied Biosystems, Waltham, MA, USA; 5-HTj,: Assay ID
MmO00434106_s1; 5-HT2,: Assay ID Mm00555764 _m1; 5-HTo.: Assay ID
MmO00434127_m1). The PCR cycling conditions were as follows: an
initial step at 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s and
then 60 °C for 60 s. The relative level of mRNA was assessed using the
comparative CT method (2 — AACt) and normalized to the level of the
18S ribosomal RNA (Mm03928990_g1). All values are expressed as the
fold change relative to the group average in the control (WT water
group).

2.9. Statistics

All quantitative data were expressed as mean + SEM. Data were
analyzed using two-way ANOVAs for repeated measures where appro-
priate followed by pre-planned comparisons using Fisher’s LSD tests for
drinking and receptor expression studies or one-tailed t-test for CPP
studies. Between-gender comparisons were made using three-way
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ANOVA, for repeated measures where appropriate. Correlations were
performed using the Pearson test. For single group comparisons of
normally distributed data (DID analysis) two-tailed t-tests were used. A
significance level of p < 0.05 was used.

3. Results

3.1. Role of the forebrain ASM overexpression in drug response in male
mice

3.1.1. Forebrain ASM overexpression enhances alcohol consumption in a
free choice paradigm

In male ASMtgfb mice, no genotype-specific differences were
observed in the alcohol consumption (genotype: F(1,16) = 3.404, p =
0.084), while alcohol concentration had a pronounced effect on con-
sumption (F(4,64) = 101.286, p < 0.001). No genotype*concentration
interaction was observed for this parameter (F(4,64) = 1.355, p =
0.259). Pre-planned comparison revealed significantly enhanced con-
sumption of low concentrations of alcohol by male ASMtgﬂ’ mice (2 %, p
=0.043; 4 %, p =0.012; 8%, p=0.012; 12 and 16 %, p > 0.05; Fig. 1a).
A slight effect of the genotype as well as significant effect of alcohol
concentration on alcohol preference were observed (genotype: F(1,16)
= 4.327, p = 0.054; concentration: F(4,64) = 12.841, p < 0.001), while
no interaction effect was found (F(4,64) = 1.371, p = 0.254). Pre-
planned comparison showed enhanced preference of 4 % alcohol only
(4 %, p = 0.004; other concentrations, p > 0.05; Fig. 1b). The analysis
revealed a significant effect of alcohol concentration on water con-
sumption (F(4,64) = 11.247, p < 0.001), but no genotype effect (F
(1,16) = 1.145, p = 0.301) or their interaction (F(4,64) = 1.548, p =
0.199). Pre-planned comparisons also did not show genotype-specific
differences in water consumption (p > 0.05 for all concentrations;
Fig. 1c). Similar, a significant effect of alcohol concentration on total
fluid intake (F(4,64) = 2.579, p = 0.046), but no genotype effect (F
(1,16) = 2.445, p = 0.137) or their interaction (F(4,64) = 1.270, p =
0.291) were observed. Pre-planned comparisons showed higher fluid
consumption at 2 % alcohol (p = 0.028), but not at other concentrations
(p > 0.05; Fig. 1d). The alcohol deprivation effect (ADE) was signifi-
cantly enhanced in male ASMtg®™ mice comparing to wt littermates
(genotype: F(1,16) = 0.154, p = 0.700), time: F(8,128) = 2.196, p =
0.032; genotype * time interaction: F(8,128) = 2.528, p = 0.020),
particularly during the first reinstatement episode. Pre-planned com-
parisons showed significantly higher alcohol consumption by ASMtg™
mice at the second and third days of the first reinstatement episode (p =
0.020 and p = 0.011; other days p > 0.05; Fig. 1e). Analysis of the taste
preference did not reveal genotype differences in the preference of su-
crose and avoidance of quinine in all studied doses (p > 0.05; Fig. 1f-g).
Altogether, forebrain ASM overexpression in male mice led to an
enhanced consumption of alcohol in low and moderate concentrations,
as well as an enhanced ADE.

3.1.2. No effects of forebrain ASM overexpression on drinking in the dark
(DID) paradigm

In male ASMtg™ mice, no significant differences in the alcohol con-
sumption in the DID paradigm (shown as a mean of the 5 days) were
observed (t = —1.015, p = 0.326; Fig. 1h).

3.1.3. Forebrain ASM overexpression does not affect alcohol bioavailability

To check whether the genotype-specific differences in alcohol
bioavailability might explain the observed differences in alcohol con-
sumption, we have measured changes in blood alcohol concentration
(BAQ) after a single alcohol injection. An ANOVA revealed a significant
effect of time on BAC (F(2,22) = 123.128, p < 0.001), but no genotype
effect (F(1,11) = 1.014, p = 0.336) or genotype*time interaction (F
(2,22) = 1.282, p = 0.297; Fig. 1i). Therefore, the observed enhanced
consumption of alcohol by male ASMtg™ mice is not related to the dif-
ferences in alcohol bioavailability.
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3.1.4. Forebrain ASM overexpression diminishes alcohol-induced place
preference

We analyzed the effects of ASM overexpression in the forebrain on
the reinforcing effects of alcohol. A CPP was established after a repeated
conditioning with alcohol (2 g/kg, i.p.; Factor Test trial F(1,14) = 3.394,
p = 0.026) as shown by the time spent in the conditioned compartment
(CQ) (Fig. 2a). However, two-way ANOVA for repeated measures did not
show a genotype effect (F(3,42) = 1.010, p = 0.332) on this parameter or
genotype*test trial interaction (F(3,42) = 2.372, p = 0.084; Fig. 2a). Pre-
planned comparisons of the time spent in the CC during the test days
showed that male ASMtgfb mice spent significantly less time in the CC
compared to wt littermates (p = 0.026; Fig. 2a). In the analysis of the
time spent in the pseudoconditioning compartment (PC), factors Test
trial, Group, and Group*Test trial interaction did not play a significant
role (p > 0.05; Suppl. Fig. 1a). Male ASMtg™ mice were shown to spent
significantly more time in the PC compared to wt mice (p = 0.027). No
pronounced genotype-specific differences were found in the alcohol-
induced (Trial: F(6,78) = 4.661, p < 0.001; Genotype: F(1,13) =
0.035, p = 0.855; Genotype*trial: F(6,78) = 0.402, p = 0.875; Fig. 2f) as
well as saline-induced locomotion (Trial: F(6,78) = 25.183, p < 0.001;
Genotype: F(1,13) = 0.022, p = 0.884; Genotype*trial: F(6,78) = 1.258,
p = 0.287; Suppl. Fig. 1f). Number of entries and distance passed in the
CC did not significantly differ between the transgenic and wt animals
(two-way ANOVA for repeated measures; Test trial: F(3,39) = 11.333, p
< 0.001 and F(3,42) = 7.048, p < 0.001 for entries and distance,
respectively; Genotype: F(1,13) = 0.264, p = 0.616 and F(1,14) = 0.451,
p = 0.513 for entries and distance, respectively; Genotype*trial: F(3,39)
= 0.708, p = 0.553 and F(3,42) = 1.080, p = 0.360 for entries and
distance, respectively; pre-planned comparison: p > 0.05; Fig. 2b-c).
Number of entries and distance in the PC were higher in male ASMtgfb
mice compared to wt animals, but reached significant level only for the
distance (pre-planned comparison: p = 0.003; Suppl. Fig. 1b-c). Time per
entry and distance per entry in the CC were also analyzed by two-way
ANOVA for repeated measures, which demonstrated a significant ef-
fect of both factors Genotype (F(1,13) = 8.322,p = 0.013 and F(1,13) =
8.849, p = 0.011 for time per entry and distance per entry, respectively)
and Test trial (F(3,39) = 6.220, p < 0.001 and F(3,39) = 3.858, p =
0.016 for time per entry and distance per entry, respectively; Fig. 2d-e).
Prep-planned comparison showed significantly lower time per entry and
distance per entry in the CC during the test trials in male ASMtg™ mice
compared to wt littermates (p < 0.001 for both parameters). No
genotype-driven differences were observed in the time per entry and
distance per entry in the PC (p > 0.05; Suppl. Fig. 1d-e).

These findings suggest that reinforcing effects of alcohol are signif-
icantly less pronounced in male ASMtgfb mice compared to wt animals.

3.1.5. Forebrain ASM overexpression determines cocaine-induced place
preference

Exposure to cocaine affects peripheral and central ASM activity
(Frankowska et al., 2021), but the contribution of the brain ASM in the
rewarding effects of cocaine remained unclear. We found that male
ASMtg™ mice show diminished development of cocaine CPP. ANOVA
did not reveal significant effects of the factor Genotype on the time spent
in CC and PC (F(1,17) = 0.012, p = 0.916 and F(1,17) = 0.417,p =
0.527, respectively), while the analysis of the factor Test Trial showed
the development of cocaine-induced CPP evaluated by the time spent in
the CC (F(3,51) = 4.467, p = 0.007). Moreover, pre-planned comparison
showed that male ASMtg™ mice spent significantly less time in the CC (p
= 0.016) and more time in the PC (p = 0.002) compared to wt animals
(Fig. 3a; Suppl. Fig. 2a). Neither ANOVA, nor pre-planned comparison
revealed the genotype-specific differences in the number of entries in the
CC and PC as well as distance in the CC (p > 0.05; Fig. 3b; Suppl. Fig. 2b-
¢). Distance passed in the PC was higher in male ASMtg™ mice at the
baseline (pre-planned comparison: p = 0.036) as well as during testing
(pre-planned comparison: p = 0.003; Suppl. Fig. 2¢). In the analysis of
the time per entry in the CC and PC, factors Test trial, Genotype, and
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Fig. 1. Effects of forebrain ASM overexpression on alcohol drinking in male mice. Alcohol consumption (a) and alcohol preference (b) in a free-choice voluntary
drinking model were enhanced in male ASMtg™ mice (n = 10 ASMtg™/9 wt). Water intake (c) did not differ between the genotypes, while total fluid consumption (d)
was higher in ASMtg™ mice only at 2 % alcohol. The alcohol deprivation effect (e) was significantly enhanced in male ASMtg® mice comparing to wt mice. Preference
of sucrose (f) and avoidance of quinine (g) did not differ between the genotypes. Forebrain ASM did not affect alcohol consumption in the drinking in the dark (DID,
h) model (n = 9 ASMtg™/8 wt). Blood alcohol availability was similar in male ASMtg™ and wt mice (n = 8 ASMtg™/5 wt; i). Data were analyzed by two-way ANOVA

for repeated measures followed by pre-planned comparisons using Fisher’s LSD tests (a-g, i) or two-tailed t-test (h). (*p < 0.05, **p < 0.01 ASMtg™ vs wt).
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Fig. 2. Forebrain ASM overexpression diminished alcohol-induced place preference in males. Time in the CC (a), time per entry (d) and distance per entry (e) were
lower in male ASMtgﬂ’ mice compared to wt animals, while number of entries to CC (b) and distance passed in CC (c) did not differ. No genotype-driven differences in
alcohol-induced locomotion (f) were found (n = 7 ASMtg™/9 wt). Data were analyzed by two-way ANOVA for repeated measures followed by pre-planned com-

parisons using one-tailed t-test (*p < 0.05, ***p < 0.001 ASMtg® vs wt).

Genotype*Test trial interaction did not play a significant role (two-way
ANOVA for repeated measures), while pre-planned comparison revealed
a decrease in this parameter in the CC in ASMtgﬂ’ mice at the baseline (p
= 0.025) and during testing (p = 0.010; Fig. 3d; Suppl. Fig. 2d). An
ANOVA revealed significant effects of the factors Test trial and Genotype
on the distance per entry in the CC (F(3,48) = 5.313, p = 0.003 and F
(1,16) = 4.848, p = 0.043, respectively), but not in the PC. Pre-planned
comparison confirmed that male ASMtgﬂ’ mice passed less distance per
entry during the baseline (p = 0.008), but not during test trials (p =
0.087; Fig. 3e; Suppl. Fig. 2e). The genotype-driven differences at the
baseline were observed only for the parameters time per entry and
distance per entry, while parameters time, entries, and distance in the
CC did not differ between genotypes. Therefore, it can be proposed that
the initial differences did not significantly affects the cocaine preference.
Cocaine-induced locomotion significantly increased during the experi-
ment (factor Test trial: F(6,102) = 32.902, p = 0.001), but had a similar
pattern in male ASMtgfb and wt mice (factor Genotype: F(1,17) = 0.289,
p = 0.598; factor Genotype*Test trial: F(6,102) = 0.306, p = 0.933; pre-
planned comparison: p > 0.05; Fig. 3f). ANOVA for repeated measures
showed the same phenotype for the locomotion in the PC (Test trial: F

(6,96) = 3.189, p = 0.007; factor Genotype: F(1,16) = 1.891, p = 0.188;
factor Genotype*Test trial: F(6,96) = 0.971, p = 0.449; pre-planned
comparison: p > 0.05; Suppl. Fig. 2f). These data indicate that the
forebrain ASM overexpression reduces cocaine’s reinforcing effects in
males.

3.1.6. Forebrain ASM overexpression does not affect amphetamine-induced
place preference

Amphetamines are among the five most commonly used illicit drugs.
Amphetamine use and dependence were progressively increasing over
the last years (Degenhardt et al., 2018). A successful amphetamine CPP
was established, but we did not observe a significant contribution of
forebrain ASM in the CPP establishment in males. Furthermore, mice
made more entries and had higher locomotion in the CC over all three
preference tests compared to the baseline test (two-way ANOVA for
repeated measures, factor Test trial: F(3,48) = 4.396, p = 0.008 and F
(3,48) = 11.391, p = 0.001, for entries and distance in the CC, respec-
tively; Fig. 4b-c). However, ANOVA did not reveal effects of the factor
Genotype on all studied parameters of the CPP test (p > 0.05; Fig. 4).
Neither pre-planned comparison showed genotype-specific differences
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Fig. 3. Forebrain ASM overexpression reduced cocaine-induced place preference in males. Time in the CC (a) and time per entry (d) were lower in male ASMtg™ mice
compared to wt animals, while number of entries to CC (b) and distance passed in CC (c), and distance per entry during test trials (e) did not differ (n = 9 ASMtg™/10
wt). No genotype-driven differences in alcohol-induced locomotion (f) were found. Data were analyzed by two-way ANOVA for repeated measures followed by pre-

planned comparisons using one-tailed t-test (*p < 0.05 ASMtg™ vs wt).

in any of the studied parameters in the CC and PC (p > 0.05; Fig. 4,
Suppl. Fig. 3). Therefore, ASM can not be considered as an important
regulator of the reinforcing effects of amphetamine.

3.1.7. Forebrain ASM overexpression does not mediate ketamine-induced
place preference and its sedative properties

The dissociative anaesthetic ketamine is also used as a recreational
drug due to its euphoric, dissociative, and hallucinogenic effects. Recent
data indicate a rapid growth of the percentage of ketamine users among
all drug users (Liu et al., 2016). Here we found that forebrain ASM does
not appear to modulate the reinforcing effects of ketamine.

A two-way ANOVA for repeated measures showed the development
of ketamine aversion in the CPP, as mice made less entries and had lower
locomotion in the CC during the test compared to the baseline (Factor
Test trial: F(1,49) = 26.054, p < 0.001 and F(1,49) = 14.028, p < 0.001,
for entries and distance in the CC, respectively; Fig. 5b-c). However, the
factor Genotype did not influence any of the studied parameters in the
CC (p > 0.05; Fig. 5). In line, pre-planned comparison did not show
genotype-specific differences in any of the studied parameters in the CC
(p > 0.05; Fig. 5). Ketamine-induced locomotion at the treatment day 2
was higher in male ASMtg™ mice compared to wt animals (p = 0.045),
but this difference was not observed at other days (Fig. 5f). An analysis
of the sedative effects of ketamine in different doses (1-200 mg/kg) in
the LORR test did not show differences between the genotypes (two-way
ANOVA for repeated measures for factor Genotype: F(1,13) =1.703,p =
0.214 and F(1,21) = 0.279, p = 0.603 for LORR duration and latency,
respectively; pre-planned comparison: p > 0.05 at all time points;
Fig. 5g-h). Thus, ASM does not contribute to the reinforcing as well as

sedative properties of ketamine.

3.1.8. Forebrain ASM overexpression does not affect reinforcing effects of a
natural reinforcer

Food is a natural reinforcer, while FCH rich food has very strong
reinforcing properties even in satiated mice (Hess et al., 2019). We have
analyzed whether the forebrain ASM overexpression in males modulates
the effects of this natural compound with enhanced reinforcing prop-
erties. A two-way ANOVA showed the development of food preference in
the CPP, as factor Test trial significantly affected the parameters time (F
(3,54) = 5.915, p = 0.001), distance (F(3,54) = 9.221, p < 0.001), en-
tries F(3,54) = 8.1326, p < 0.001), and time per entry (F(3,54) =
8.9195, p < 0.0001), in the CC. An ANOVA did not reveal significant
effects of the factor Genotype in any of the studied parameters in the CC
(time: F(1,18) = 0.029, p = 0.866; entries: F(1,18) = 0.3702, p = 0.550;
distance: F(1,18) = 0.050, p = 0.826; time per entry: F(1,18) = 0.3466,
p = 0.563; distance per entry: F(1,18) = 1.701, p = 0.208; Fig. 6). The
only significant genotype effect on the food-induced locomotion during
conditioning (F(1,18) = 4.411, p = 0.05) was driven by significantly
higher locomotor activity of male ASMtgﬂ’ mice at the first three days of
conditioning (p < 0.05; Fig. 6f).Pre-planned comparison also showed
higher distance per entry in the CC in male ASMtg™ mice compared to wt
animals (p = 0.036), but did not reveal other genotype-specific differ-
ences in any of the studied parameters in both CC and PC (p > 0.05;
Fig. 6, Suppl. Fig. 5). Altogether, ASM overexpression in the forebrain
does not modulate the reinforcing effects of FCH food in males.
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Fig. 4. Forebrain ASM overexpression does not affect amphetamine-induced place preference in males. No genotype-driven differences were observed in the time in
the CC (a), entries to the CC (b), distance in the CC (c), time per entry (d), and distance per entry (e), as well as amphetamine-induced locomotion during conditioned
trials (f) were registered (n = 9 ASMtg™/9 wt). Data were analyzed by two-way ANOVA for repeated measures followed by pre-planned comparisons using one-tailed

t-test.

3.1.9. 5-HT; receptor expression is associated with the drinking phenotype
of ASMitg” mice

A strong interaction between the serotonergic and ceramide systems
was shown previously (Miiller et al., 2017; Kalinichenko et al., 2024).
Here we asked if the changes in the expression of 5-HT receptors in the
DH and Nac might mediate the enhanced alcohol preference and con-
sumption observed in the drinking paradigms and CPP test. No
genotype-associated differences in the expression of any of the studied
receptors were observed in DH or Nac of mice consuming only water (p
> 0.05; Fig. 7). We observed pronounced effects of alcohol consumption
in the free-choice paradigm on the expression of 5-HTy. receptors in
both structures. In the Nac, alcohol reduced 5-HT5. receptor expression
in male ASMtg™ mice, but did not affect it in wt littermates. An ANOVA
revealed a slight treatment effect on the receptor expression (F(1,24) =
4.109, p = 0.056), but did not show genotype effect (F(1,24) = 0.711, p
= 0.409) or genotype*treatment interaction (F(1,24) = 1.934, p =
0.180). Pre-planned comparison indicated a significant decrease in 5-
HT. receptor expression in ASMtgfb mice consuming alcohol comparing
to water drinking transgenic mice (p = 0.025; Fig. 7c). This effect was
not observed in wt mice (p > 0.05). Similar, alcohol induced a decrease
in 5-HTy. receptor in the DH, which was, however, not genotype-
specific. An ANOVA showed treatment and genotype effects on the re-
ceptor expression (F(1,24) = 20.683, p < 0.001 and F(1,24) = 4.673, p
= 0.043, respectively), but no genotype*treatment interaction (F(1,24)
= 0.463, p = 0.504). Pre-planned comparison showed an alcohol-
induced decrease in the 5-HT, receptor both in wt and ASMtg™ male
mice (p = 0.001 and p = 0.013, respectively; Fig. 7f). However, self-
administration of alcohol did not induce any changes in the expression

of 5-HT1, or 5-HTy, receptors in both studied structures of ASMtgﬂ’ and
wt mice (Fig. 7a, b, d, e). Correlation analysis revealed a significant
correlation between the consumption of 16 % alcohol during the initi-
ation of drinking and the expression of 5-HT5, receptors in the DH of wt,
but not ASMtgfb male mice (r = —0.960, p = 0.002; Suppl. Fig. 6a). In
turn, 16 % alcohol consumption negatively correlated with the 5-HTa.
receptors in the DH of ASMtg™ male mice (r = —0.894, p = 0.016; Suppl.
Fig. 6b). The analysis of interactions between 16 % alcohol during the
reinstatement and 5-HT receptor expression showed significant negative
correlations for the 5-HTy, receptor expression in the DH and 5-HT5.
receptor expression in the Nac of wt animals (r = —0.881, p = 0.020 and
r = —0.933, p = 0.006, respectively; Suppl. Fig. 6¢c-d). Only a slight
positive correlation between 16 % alcohol during the reinstatement and
5-HT;, receptor expression in the DH was found in ASMtg™ male mice (r
= 0.804, p = 0.054; Suppl. Fig. 6a). Altogether, these data suggest that
the serotonergic system contributes to the observed differences in the
drinking phenotype induced by the forebrain ASM overexpression.

3.2. Role of the forebrain ASM overexpression in drug response in female
mice

3.2.1. Forebrain ASM overexpression does not affects alcohol consumption
in a free-choice paradigm

In female ASMtgfb mice, neither ANOVA, nor pre-planned compari-
son showed genotype-specific differences in the alcohol consumption
(genotype: F(1,11) = 0.004, p = 0.954; concentration: F(4,44) =
119.372, p < 0.001; genotype*concentration: F(4,44) = 0.582, p =
0.677; pre-planned comparison: p > 0.05; Fig. 8a) or alcohol preference
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Fig. 5. Forebrain ASM did not mediate ketamine-induced place preference and its sedative properties in males. No genotype-driven differences were observed in the
time in the CC (a), entries to the CC (b), distance in the CC (c), time per entry (d), and distance per entry (e) were found (n = 14 ASMtgﬂ’/ 11 wt). Ketamine-induced
locomotion (f) was enhanced in male ASMtg™ mice only at the treatment day 2. Sedative effects of ketamine were not affected by ASM overexpression as shown by
duration (g) and latency (h) of loss of righting reflex (LORR) after ketamine administration (n = 8 ASMtg/16 wt). Data were analyzed by two-way ANOVA for
repeated measures followed by pre-planned comparisons using one-tailed t-test (*p < 0.05 ASMtgﬂ’ Vs wt).

(genotype: F(1,11) = 1.317, p = 0.275; concentration: F(4,44) = 2.543,
p = 0.053; genotype*concentration: F(4,44) = 0.722, p = 0.582; pre-
planned comparison: p > 0.05; Fig. 8b). On the contrary, ANOVA for
repeated measurements revealed differences in the water consumption
(genotype: F(1,11) = 3.775, p = 0.078; concentration: F(4,44) = 7.508,
p = 0.002; genotype*concentration: F(4,44) = 2.882, p = 0.033) as well
as total fluid consumption (genotype: F(1,11) = 7.541, p = 0.019;
concentration: F(4,44) = 12.340, p < 0.001; genotype*concentration: F
(4,44) = 7.372, p < 0.001) in female mice. Female ASMtgfb mice drunk
significantly less water when high concentrations of alcohol were pre-
sented (12 %, p < 0.001; 16 %, p = 0.002; Fig. 8c). Total intake was also
reduced in female ASMtg™ mice compared to wt animals at 12 % alcohol
(p = 0.043; Fig. 8d). The alcohol deprivation effect (ADE) was slightly
diminished in female ASMtgfb mice comparing to wt littermates,
although this difference did not reach the level of statistical significance
(genotype effect on alcohol consumption: F(1,14) = 2.125, p = 0.167,
time: F(8,112) = 2.499, p = 0.016; genotype*time interaction: F(8,112)
= 0.705, p = 0.686; pre-planned comparison: p > 0.05 at all time points;
Fig. 8e). Analysis of the taste preference did not show genotype-driven
differences in the preference of sucrose and avoidance of quinine at all
studied doses (p > 0.05; Fig. 8f-g).

Altogether, forebrain ASM overexpression in female mice was not
associated with pronounced changes in alcohol consumption in a free-
choice paradigm.

3.2.2. Forebrain ASM overexpression enhances alcohol consumption in a
drinking in the dark (DID) paradigm

In the DID paradigm, female ASMtg™ mice were characterized by
higher alcohol consumption (shown as a mean of the 5 test days)
comparing to wt littermates (t = —2.412, p = 0.028; Fig. 8h).

3.2.3. ASM overexpression does not contribute to reinforcing effects of
alcohol

We analyzed the effects of ASM overexpression in the forebrain on
the reinforcing effects of alcohol in females. A CPP was established after
a repeated conditioning with alcohol (2 g/kg, i.p.) as confirmed by the
time spent and entries in the CC (Factor Test trial: F(3,72) = 3.170,p =
0.029 and F(3,72) = 9.237, p < 0.001, respectively; Fig. 9a). However,
two-way ANOVA for repeated measurements did not observe a genotype
effects or genotype*test trial interaction in any of the studied parameters
(p > 0.05). Pre-planned comparison revealed lower distance per entry in
the CC during test trials in female ASMtg™ mice compared to wt animals
(p = 0.023; Fig. 9e), but no genotype-driven differences in other studied
parameters in the CC and PC. Alcohol- and saline-induced locomotion
during the conditioning days also did not differ between ASMtgﬂ’ and wt
animals (p > 0.05; Fig. 8f; Suppl. Fig. 7f). Therefore, forebrain ASM
overexpression in females did not contribute to the development of
reinforcing effects of alcohol.
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Fig. 6. Forebrain ASM overexpression does not affect reinforcing effects of FCH rich food in males. No genotype-driven differences were observed in the time in the
CC (a), entries to the CC (b), distance in the CC (c), time per entry (d; n =9 ASMtgﬂ’/9 wt). Distance per entry (e) was higher in male ASMtgﬂJ mice compared to wt
littermates. Food-induced locomotion (f) was enhanced at conditioning days 1-3 mice with forebrain ASM overexpression. Data were analyzed by two-way ANOVA
for repeated measures followed by pre-planned comparisons using one-tailed t-test (*p < 0.05 ASMtg™ vs wt).

3.2.4. Forebrain ASM overexpression determines amphetamine-induced
place preference

Analysis of the amphetamine-induced CPP revealed a significant
contribution of forebrain ASM in the CPP establishment in females. A
two-way ANOVA for repeated measurements did not show the effect of
genotype on the time spent in the CC (F(1,10) = 3.935, p = 0.075;
Fig. 10a), entries to the CC (F(1,10) = 0.013, p = 0.912; Fig. 10b) or
distance passed in the CC (F(1,10) = 0.025, p = 0.878; Fig. 10c). The
factor Test trial had a significant effect on the distance passed in the CC
(F(3,30) = 3.576, p = 0.025), but not other studied parameters. How-
ever, the genotype*test trial interaction had a significant effect on the
time in the CC (F(3,30) = 3.029, p = 0.045), entries to the CC (F(3,30) =
3.214, p = 0.037), and distance passed in the CC (F(3,30) = 3.891,p =
0.018), but not time per entry or distance per entry (p > 0.05; Fig. 10d-
e).

Pre-planned comparison showed higher time and entries in the CC
during the test trials by female ASMtgfb mice compared to wt animals (p
= 0.004 and p = 0.044; Fig. 10a-b), while wt littermates passed bigger
distance per entry in the CC (p = 0.026). No genotype-driven differences
in all studied parameters in the PC were observed (p > 0.05; Suppl.
Fig. 8). Therefore, ASM overexpression in the forebrain of females af-
fects the establishment of amphetamine-induced CPP and contributes to
its reinforcing effects.

3.2.5. Forebrain ASM overexpression does not determine reinforcing and
sedative properties of ketamine

In female mice, the forebrain ASM does not modulate the reinforcing
effects of ketamine as shown in the CPP. A two-way ANOVA for repeated

10

measures showed the development of ketamine aversion, as female mice
made less entries and had lower locomotion in the CC during the test
compared to the baseline (Test trial: F(1,41) = 41.855, p < 0.001 and F
(1,41) = 42.111, p < 0.001, for entries and distance in the CC, respec-
tively; Fig. 11b-c). The factor Genotype did not influence any of the
studied parameters in the CC (p > 0.05), and no genotype*test trial
interaction was observed (p > 0.05). Pre-planned comparison also did
not reveal genotype-specific differences in any of the studied parameters
in the CC and PC (p > 0.05; Fig. 11, Suppl. Fig. 9). Ketamine- and saline-
induced locomotion did not differ between female ASMtgfb and wt mice
(p > 0.05; Fig. 11f, Suppl. Fig. 9f). The analysis of the sedative effects of
ketamine in the doses of 1-200 mg/kg in the LORR test also did not
reveal any genotype-specific differences (two-way ANOVA for repeated
measures for factor Genotype: F(1,19) = 0.001, p = 0.973 and F(1,19) =
0.135, p = 0.718 for LORR duration and latency, respectively; pre-
planned comparison: p > 0.05 at all time points; Fig. 11g-h). Alto-
gether, forebrain ASM in females is not shown to mediate reinforcing
and sedative properties of ketamine.

3.2.6. Reinforcing effects of a natural reinforcer are not mediated by
forebrain ASM overexpression

Here we found that forebrain ASM overexpression does not play a
crucial role in the reinforcing effects FCH enriched food (Hess et al.,
2019), in females. An ANOVA did not yield significant effects of the
factor Genotype in any of the studied parameters in the CC (time: F
(1,13) =2.022, p = 0.179; entries: F(1,13) = 0.223, p = 0.645; distance:
F(1,13) = 1.167, p = 0.299; time per entry: F(1,13) = 1.711, p = 0.213;
distance per entry: F(1,13) = 2.558, p = 0.134; Fig. 12a-e). Significant
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effects of the factor Test trial on the time spent in the CC (F(3,39) =
4.168, p = 0.012) and distance moved in the CC (F(3,39) = 12.960, p <
0.0001) indicated the successful development of FCH rich food-induced
CPP (Fig. 12a,c). Pre-planned comparison did not reveal significant
genotype-induced differences in any of the studied parameters in the CC
and PC during the test, trials as well as during conditioning (p > 0.05;
Fig. 12, Suppl. Fig. 10). The distance per entry passed in the CC by fe-
male ASMtgfb animals during the baseline trial was slightly higher than
in wt mice (p = 0.022; Fig. 12e). However, no baseline differences in
other parameters were found. Altogether, forebrain ASM overexpression
in females did not contribute to reinforcing effects of the natural
reinforcer.

3.2.7. Forebrain ASM overexpression modulates serotonin receptor
expression

Free-choice alcohol consumption was associated with pronounced
changes in the serotonergic system of female ASMtg™ and wt animals. In
the DH, ANOVA revealed no effects of the factor Genotype on the
expression of 5-HT, and 5-HT>, receptors (F(1,22) = 4.019, p = 0.060
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and F(1,22) = 0.595, p = 0.450 for 5-HT;, and 5-HT5, receptors), while
significant effects of the factor Treatment were observed (F(1,22) =
8.898, p = 0.008 and F(1,22) = 12.701, p = 0.002). Pre-planned com-
parison did not reveal any genotype-driven differences in the expression
of these receptors in the DH of ASMtg™ and wt mice receiving only water
(p > 0.05; Fig. 13a-b). Alcohol induced an increase in the expression of
5-HTj, in the DH only in wt animals (Pre-planned comparison: p =
0.008; Fig. 13a), resulting in the significantly higher expression of this
receptor in wt animals comparing to ASMtgfb littermates drinking
alcohol (p = 0.044). Free-choice alcohol consumption was followed by a
significant increase in the expression of 5-HT2, receptors in the DH of
ASMtg™ (p = 0.003), and no increase in wt animals (p > 0.05; Fig. 13b).
For the 5-HT5, receptors, two-way ANOVA did not show significant ef-
fects of the factors Genotype or Treatment (p > 0.05), while their
interaction was significant (F(1,23) = 12.109, p = 0.003). Pre-planned
comparison revealed significant differences in the expression of these
receptors in the DH between ASMtg™ and wt mice receiving only water
(p = 0.023) and mice having choice between alcohol or water (p =
0.024; Fig. 13c). Alcohol consumption induced a decrease in the
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Fig. 9. Forebrain ASM overexpression does not contribute to reinforcing effects of alcohol in females. Time in the CC (a), entries to the CC (b), distance in the CC (c),
time per entry (d), and alcohol-induced locomotion (f) did not differ between female ASMtg™ mice and wt animals (n = 6 ASMtg™/20 wt). Distance per entry (e) was
reduced in female ASMtg™ mice compared to wt animals. Data were analyzed by two-way ANOVA for repeated measures followed by pre-planned comparisons using

one-tailed t-test (*p < 0.05 ASMtgfb VS Wt).

expression of 5-HTy receptors in the DH of wt mice (p = 0.004), but not
ASMtg® females (p > 0.05). In the Nac, no significant changes in the
expression of 5-HT1, receptors were found (Genotype: F(1,24) = 0.025,
p =0.877; Treatment: F(1,24) = 1.858, p = 0.188; Genotype*Treatment:
F(1,23) = 1.709, p = 0.206; pre-planned comparison: p > 0.05;
Fig. 13d). Similar patterns of changes in the expression of 5-HT, and 5-
HT. receptors after the exposure to alcohol were found in the Nac of
both ASMtgfb and wt mice. ANOVA showed an effect of the factors Ge-
notype and Treatment on the expression of 5-HT2, receptors (F(1,24) =
4.217, p = 0.053 and F(1,23) = 22.051, p < 0.001), while their inter-
action was not significant (F(1,24) = 1.900, p = 0.183).

Pre-planned comparison showed a significantly lower expression of
these receptors in the Nac of ASMtg™ mice receiving only water (p =
0.025; Fig. 13e). The exposure to alcohol reduced the expression of 5-
HT, receptors in the Nac of wt (p < 0.001) and ASMtgfb (p = 0.029)
mice, which eliminated the innate differences between ASMtgfb and wt
mice (p > 0.05). Two-way ANOVA showed a significant effect of the
factor Treatment on the expression of 5-HTy. receptors in the Nac (F
(1,24) = 19.717, p < 0.001), but the factor Genotype and Genotype*-
Treatment interaction remained insignificant (F(1,24) = 0.067, p =
0.798 and F(1,24) = 0.520, p = 0.479). Pre-planned comparison
revealed that the exposure to alcohol induced a decrease in the
expression of 5-HTy, receptors in the Nac of both wt (p = 0.016) and
ASMtg™ (p = 0.002) mice. However, no genotype-specific differences in
this parameter were found (p > 0.05; Fig. 13f). Correlation analysis
observed only a negative correlation between 16 % alcohol consumption
during initiation and 5-HTy. receptor expression in the DH in female
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ASMtgfb mice (r = —0.896, p = 0.016; Suppl. Fig. 11), while no other
correlations were found. Altogether, pronounced changes in the
expression of serotonergic receptors are shown to be induced by free-
choice alcohol drinking in female mice. The similarity of patterns of
these changes in the majority of the studied receptors in the DH and Nac
between wt and ASMtgﬂ’ mice is in line with the absence of significant
differences in the drinking phenotype.

3.3. Role of the forebrain ASM overexpression in sex-specific differences
in alcohol consumption and expression of serotonergic receptors

Addiction is a highly sex-specific psychiatric disorder (Cotto et al.,
2010). In our study we analyzed females and males separately, while
pronounced sex-specific differences were observed. Particularly, alcohol
consumption phenotype differed between males and females. A three-
way ANOVA revealed significant sex effects on alcohol consumption
(F(1,37) =41.161, p < 0.001), alcohol preference (F(1,37) =7.688,p =
0.009), water consumption (F(1,37) = 7.528, p = 0.009), and total fluid
consumption (F(1,37) = 101.671, p < 0.001) in the model of voluntary
drinking. For some of the parameters, such as alcohol preference and
water consumption (F(4,148) = 3.030, p = 0.019 and F(4,148) = 3.529,
p = 0.009), the interaction between the factors Sex*Genotype*Alcohol
concentration were found to be significant, while for others not (p >
0.05; Suppl. Fig. 12). In the model of intermittent drinking (DID), the
factor Sex also had strong effects on alcohol consumption (F(1,37) =
22.220, p < 0.001), while Sex*Genotype interaction did not reach the
level of statistical significance (F(1,35) = 3.606, p = 0.067; Suppl.
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Fig. 10. Forebrain ASM overexpression enhanced amphetamine-induced place preference in males. Time (a) and entries to the CC (b) were enhanced in female
ASMtg™ mice compared to wt animals (n = 8 ASMtg™/8 wt). ASM overexpression did not affect distance passed in the CC (c), time per entry (d) and amphetamine-
induced locomotion (f), but reduced distance per entry in the CC (e). Data were analyzed by two-way ANOVA for repeated measures followed by pre-planned

comparisons using one-tailed t-test (*p < 0.05, **p < 0.01 ASMtgfb Vs Wt).

Fig. 12). An interesting pattern was observed in the serotonergic system:
the factor Sex did not have significant influence on the expression of 5-
HT;, receptors in the DH or Nac (F(1,46) = 14.417, p = 0.241 and F
(1,48) = 0.456, p = 0.504). However, it significantly affected the
expression of 5-HT5, receptors in the DH and Nac (F(1,47) = 10.600, p
= 0.002 and F(1,48) = 34.063, p < 0.001). For the 5-HT;. receptors,
significant effects of the factor Sex was observed in the DH (F(1,47) =
8.295, p = 0.006), but not in the Nac (F(1,48) = 2.002, p = 0.165). The
interaction between Sex*Genotype*Treatment was not significant for
any of these receptors in any of studied brain structures (p > 0.05).

4. Discussion

The ceramide system, and particularly enzymes of the ceramide
metabolism, contribute to the development of addiction to certain drugs
of abuse, as widely shown in clinical and preclinical studies (Schneider
etal., 2017; Kalinichenko et al., 2018, 2021a, 2023). The specific role of
the brain sphingolipid system, however, remained elusive. Here we
report that enhanced activity of a crucial enzyme of ceramide formation
ASM specifically in the murine forebrain mediates the development of
drug abuse-related behaviours in a drug- and sex-specific way. In males,
the forebrain ASM overexpression is specifically associated with high
alcohol consumption in a free-choice paradigm, while the establishment
of alcohol and cocaine CPP was diminished. However, this genetic
mutation does not affect for the establishment of the conditioned rein-
forcing effects of amphetamine, ketamine, or a natural reinforcer FCH-
enriched food in males (Table 1). On the contrary, a forebrain ASM
overexpression in females is related to an enhanced CPP establishment
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for amphetamine, but not other studied addictive substances. ASM
overexpression in females determines alcohol consumption in the DID
paradigm, a model of binge-like drinking, but not in a voluntary free-
choice paradigm (Table 1). To our knowledge, this study is the first to
show the specific involvement of the forebrain ASM to the development
of different alcohol drinking phenotypes in a sex-specific way. ASM
contributes to the establishment of conditioned reinforcing effects of
different types of substances with addictive properties in a sex-specific
way.

In this study we observed a specific role of the forebrain ASM over-
expression for enhanced alcohol consumption in the free-choice para-
digm in males, but not in the in the intermittent access drinking
paradigm (DID) mimicking binge drinking of alcohol. These data indi-
cate the importance of ASM for recreational alcohol use, but not for
binge alcohol drinking in males. This is in line with the previous studies
showing an association between the whole body ASM overexpression
and high alcohol consumption in mice with innate depression (Miiller
et al., 2017; Miiller and Kornhuber, 2017). In male ASMtgfb mice, the
establishment of CPP for alcohol was diminished as compared to wt
animals. It contrasts the previous data showing enhanced alcohol CPP
establishment in mice with the whole-body ASM overexpression (Miiller
et al., 2017). It might be proposed that the exact localisation of ASM is
crucial for its contribution to the reinforcing effects of alcohol. However,
further research is required to isolate changes of ASM activity in which
forebrain structure determines the reinforcing properties of alcohol.
Adding on to the drinking phenotype, diminished reinforcing properties
of alcohol indicates that the forebrain ASM overexpression in males is
not responsible for high-risk alcohol consumption. It might be proposed
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Fig. 11. Forebrain ASM did not mediate ketamine-induced place preference and its sedative properties in females. No genotype-driven differences were observed in
the time in the CC (a), entries to the CC (b), distance in the CC (c), time per entry (d), distance per entry (e), and ketamine-induced locomotion (f) were found (n = 9
ASMtg™/12 wt). Sedative effects of ketamine were not affected by ASM overexpression as shown by duration (g) and latency (h) of loss of righting reflex (LORR) after
ketamine administration (n = 14 ASMtg™/7 wt). Data were analyzed by two-way ANOVA for repeated measures followed by pre-planned comparisons using one-

tailed t-test.

that male ASMtgfb mice are using alcohol to cope with stress and
depression-like behaviour, which were observed previously (Zoicas
et al., 2020b), and thus could maintain alcohol drinking at a stable level
(Miiller, 2020). The observed genotype-driven differences in alcohol
consumption might be partially explained by the differences in the
functioning of the serotonergic system. Alcohol induced a reduction in
the expression of 5-HTy. receptors in the Nac only in males with ASM
overexpression. These data are in line with the previous reports showing
the specific importance of these serotonergic receptors for alcohol use
disorder (Yoshimoto et al., 2012; Tanaka and Watanabe, 2020; Camp-
bell et al., 2021; Gretler and McClain, 2023). Particularly, 5-HTy, re-
ceptors in the Nac contribute to the increased alcohol drinking
behaviour of C57BL/6 J mice (Yoshimoto et al., 2012). Similar, a 5-HTo¢
receptor antagonist, SB-242084, increases alcohol consumption
(Tomkins et al., 2002; Yoshimoto et al., 2012). It has been recently
discussed that the ceramide system directly modulates the functioning of
the serotonergic system (Kalinichenko et al., 2024). Therefore, the
alcohol consumption pattern observed in ASMtg™ mice might be at least
partially determined by the ASM-related changes in the functioning of
the serotonergic receptors.

Forebrain ASM overexpression in males is also associated with a
reduction of reinforcing properties of cocaine. Previous studies already
reported the interaction between cocaine and ASM expression, partic-
ularly in the forebrain. The study of Frankowska et al. (2021) revealed
that intravenous cocaine self-administration reversibly reduced mRNA
expression of Smpdl, the gene coding for ASM, specifically in the
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prefrontal cortex of rats (Frankowska et al., 2021). However, this effect
was not limited to the central nervous system. In monkeys, cocaine-
induced CPP was associated with a reduction in blood ASM activity
(Frankowska et al., 2021). Therefore, it might be proposed that the
forebrain ASM is crucial, but not the only mechanism influencing rein-
forcing properties of cocaine. Altogether, the forebrain ASM might be
proposed as a potential target molecule for the development of thera-
peutic approaches aimed to reduce reinforcing properties of alcohol and
cocaine. It should be emphasized that ASM overexpression in the male
forebrain did not affect the reinforcing properties of a natural reinforcer,
FCH-enriched food, as well as amphetamine and ketamine. Therefore,
ASM is probably not a part of a general “addicted brain” (Nestler, 2005;
Volkow et al., 2019; Heilig et al., 2021), but is specific for the patho-
genesis of addiction to certain drugs of abuse. In males, ASM activity is
crucial for susceptibility or resilience to the development of alcohol and
cocaine misuse. However, further studies are necessary to isolate how
exactly ASM is involved in the pathogenesis of these disorders and how
ASM interacts with the currently known molecular mechanisms.

As distinct from males, the forebrain ASM overexpression in female
mice did not affect alcohol consumption in the model of free-choice
drinking. Considering the enhanced alcohol consumption in mice with
the whole-body ASM overexpression (Miiller et al., 2017), these data
indicate that the forebrain ASM does not contribute to the control of
voluntary alcohol consumption. ASM overexpression in other brain
structures or peripheral organs probably affects this type of drinking.
Interestingly, no pronounced genotype-driven differences in the
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Fig. 12. Forebrain ASM overexpression does not affect reinforcing effects of FCH rich food in females. No genotype-driven differences were observed in the time in
the CC (a), entries to the CC (b), distance in the CC (c), time per entry (d) and distance per entry during test trials (n = 10 ASMtg™/13 wt). Food-induced locomotion
(f) was similar in mice with forebrain ASM overexpression and wt littermates. Data were analyzed by two-way ANOVA for repeated measures followed by pre-

planned comparisons using one-tailed t-test.

expression of the serotonergic receptors were observed in alcohol-
consuming females. The pattern of alcohol-induced changes in the
expression of the majority studied serotonergic receptors was similar in
female ASMtgfb and wt mice, which goes in line with absence of strong
differences in the drinking phenotype. However, as distinct from males,
female ASMtg™ mice were characterized by reduced innate expression of
5-HT5, receptors in the Nac and 5-HTy. receptors in the DH. This is in
line with the previous studies showing reduced innate serotonin level in
several brain structures of mice with whole-body ASM overexpression
(Miiller et al., 2017), and probably might determine alterations in other
types of behaviour shown previously (Miiller et al., 2017; Zoicas et al.,
2020a). It should be emphasized that another type of drinking, inter-
mittent access drinking (DID) modelling binge drinking in humans, is
shown to be regulated by the forebrain ASM in females. Binge drinking is
an important alcohol consumption pattern due to its pronounced social
risks, such as high risk injuries, driving accidents, and unwanted preg-
nancies. Due to fast consumption of high doses of alcohol, binge
drinking often results in acute toxicity, particularly neurotoxicity. It is
considered as a step to alcohol dependence (Crabbe et al., 2011). Even
though there are some molecular mechanisms of binge drinking
discovered (Cozzoli et al., 2009, 2016; Gimenez-Gomez et al., 2023), it
remains elusive which mechanisms determine the transition from
moderate controlled drinking to binge drinking. We propose that ASM
expression might be one of these mechanisms, specifically in females.
Therefore, deep investigation of ASM involvement in the mechanisms of
alcohol consumption are needed as it might be a potential treatment
target or can serve as a marker of possible transition from controlled
moderate to harmful alcohol consumption pattern.

The analysis of establishment of CPP in female ASMtg™ mice
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revealed accelerated development of CPP for amphetamine, but not for
alcohol, ketamine, or FCH-enriched food. To our knowledge, these are
the first data showing the role of ASM for the reinforcing properties of
amphetamine. A study of Astarita et al. (2015) revealed that ceramide
accumulation is a crucial mechanism determining D-methamphetamine
toxicity via cellular senescence and inflammation (Astarita et al., 2015).
Self-administration of D-methamphetamine by rats was accompanied by
the accumulation of multiple ceramide species in the dorsal striatum and
several peripheral organs, probably via the de novo pathway (Astarita
et al., 2015). However, this study was performed on male rats and D-
methamphetamine, which pharmacological properties differ from those
of amphetamine, and thus cannot be compared with our data. Alto-
gether, ASM expression in the forebrain is a female-specific modulator of
reinforcing properties of amphetamine, but not of other studied drugs of
abuse.

Our study revealed strong sex-specific modulatory effects of the
forebrain ASM overexpression on drugs of abuse related behaviour.
Comparison of drinking phenotypes of ASMtgfb mice showed pro-
nounced differences between females and males. In particular, wt fe-
males consumed significantly more alcohol in a free-choice drinking
paradigm than males. However, this was not observed in the DID model.
It is well-known that substance use disorders are sex-specific: for
example, young males are more likely to be dependent upon marijuana
or alcohol, whereas females are more likely to be dependent upon
cocaine and psychotherapeutic drugs (Cotto et al., 2010). On another
hand, sex-specific differences in the lipid metabolism are also well-
known (Zoicas et al., 2020a; Kalinichenko et al., 2021a, 2023). The
exact molecular mechanisms of these differences remain unclear, even
though several studies indicate the involvement of oestrogens in the
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Fig. 13. Forebrain ASM overexpression affects serotonin receptor expression in female mice. No genotype- or treatment-induced changes in the expression of 5-HT1,
receptors in the nucleus accumbens (n = 6 in each group; a). Alcohol induced a decrease in the expression of 5-HT», (b) and 5-HT,, receptors (c) in the nucleus
accumbens, as well as 5-HT , receptors in the dorsal hippocampus (d) both in female ASMtg™ and wt animals. An increase in the expression of 5-HT5, receptors in the
dorsal hippocampus (e) reached statistical significance only in female ASMtg™ mice. Alcohol diminished the expression of 5-HTs, receptors in the dorsal hippo-
campus (b) only in wt, but not ASMtg™ mice. Data were analyzed by two-way ANOVA for repeated measures followed by pre-planned comparisons using Fisher’s LSD

tests (*p < 0.05, **p < 0.01, ***p < 0.001 ASMtgfb Vs wt).

Table 1

Contribution of ASM specifically overexpressing in murine forebrain to various
types of addiction-related behaviours in a drug- and sex-specific way. 1 -
enhancement, | - diminishment, — - no effect, n.t. — not tested.

3 ?
Moderate alcohol drinking ) -
Binge alcohol drinking - 1
Reinforcing effects Alcohol 1 -
Amphetamine - t

Cocaine 1 n.t.
Ketamine - -

“Cafeteria diet”

regulation of the ceramide balance (Pan et al., 2014; Yu et al., 2015;
Vozella et al., 2019; Kendall et al., 2022; Hoffmann et al., 2024). Our
current study does not unravel the exact molecular pathway of the ASM-
associated differences in drug response in females and males, but em-
phasizes the specific role of the ceramide system in the sex- and gender-
specific drug use disorders. These differences might to a certain extent
be related to the sex-specific changes in 5-HT receptor expression.
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Interestingly, we observed a lower fold change in the expression of
5HTj, in the DH of females of all studied groups, and the opposite
pattern in the Nac. Similar, the fold change in the expression of 5HTo.
was diminished in the Nac of alcohol consuming males of both geno-
types, but not in female mice. Our results are supported by literature
data widely showing the role of the serotonergic system in the sex-
specific differences of alcohol consumption (Castle and Flanigan,
2024; Flanigan et al., 2023; Torres Irizarry et al., 2024). Particularly,
Torres Irizarry et al. (2024) showed an oestrogen-dependent mechanism
of alcohol-induced activation of 5-HT neurons in the dorsal raphe during
DID (Torres Irizarry et al., 2024). Therefore, although our data do not
allow to clearly explain the observed differences between female and
male wt and ASMtg™ mice, they might add information on the seroto-
nergic mechanisms determining sex-specificity of drug addiction.

A number of factors limits our study. Due to breeding differences,
males generally possess higher ASM activity in the forebrain, although
not in all brain structures (Zoicas et al., 2020a). Considering forebrain
ASM as the causative factor for the observed addictive phenotype, this
might to a certain extent influence the observed sex differences. Even
though ASM was shown to affect learning and memory performance
(Kalinichenko et al., 2021b, 2022; Zoicas et al., 2016), the effects of the
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forebrain ASM on these processes, which might influence addiction-like
behaviour, have not been investigated yet.

Altogether, our study suggests a specific role of the forebrain ASM for
the drug abuse-related behaviours, in a drug- and sex-specific way. In
males, forebrain ASM controls moderate low-risk alcohol consumption
and prevents against alcohol and cocaine preferences. In turn, in females
forebrain ASM overexpression contributes to the development of binge,
but not moderate alcohol drinking. It also determines amphetamine use
related behaviours in females. The forebrain ASM might serve as a
crucial factors for sex- and gender-specificity of substance use disorders.
It might also serve as a gender-specific prognostic marker or potential
therapeutic target for drug use disorder, in a drug-specific way.
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