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Abstract: Fetal alcohol spectrum disorders (FASDs) are one of the most common consequences of
ethanol exposure during pregnancy. In adulthood, these disorders can be manifested by learning and
memory deficits and depressive-like behavior. Ethanol-induced oxidative stress may be one of the
factors that induces FASD development. The mammalian target of the Rapamycin (mTOR) signaling
pathway that acts via two distinct multiprotein complexes, mMTORC1 and mTORC2, can affect
oxidative stress. We investigated whether mTOR-dependent or mTOR-independent mechanisms
are engaged in this phenomenon. Thus, Rapamycin—a selective inhibitor of mTORCI1, Torin-2—a
non-selective mTORC1/mTORC?2 inhibitor, and FK-506—a drug that impacts oxidative stress in
an mTOR-independent manner were used. Behavioral tests were performed in adult (PND60-65)
rats using a passive avoidance (PA) task (aversive learning and memory) and forced swimming
test (FST) (depressive-like behaviors). In addition, the biochemical parameters of oxidative stress,
such as lipid peroxidation (LPO), as well as apurinic/apyrimidinic (AP)-sites were determined in
the hippocampus and prefrontal cortex in adult (PND65) rats. The rat FASD model was induced
by intragastric ethanol (5 g/kg/day) administration at postnatal day (PND)4-9 (an equivalent to
the third trimester of human pregnancy). All substances (3 mg/kg) were given 30 min before
ethanol. Our results show that neonatal ethanol exposure leads to deficits in context-dependent fear
learning and depressive-like behavior in adult rats that were associated with increased oxidative
stress parameters in the hippocampus and prefrontal cortex. Because these effects were completely
reversed by Rapamycin, an mTORC1 inhibitor, this outcome suggests its usefulness as a preventive
therapy in disorders connected with prenatal ethanol exposure.

Keywords: Rapamycin; neonatal ethanol exposure; learning; depressive-like behavior; adult rats;
oxidative stress

1. Introduction

Fetal alcohol spectrum disorder (FASD) is the most severe consequence of prenatal
alcohol exposure (PAE) during pregnancy. The most profound effects of PAE are neurobe-
havioral deficits, including physical and cognitive disabilities [1,2]. These effects are long
lasting and have possible lifelong implications [3].

Such effects may be induced by the influence of ethanol on neurogenesis and on myeli-
nation of the central nervous system (CNS) during brain development [4]. A critical period
of human pregnancy for brain development is the third trimester of human pregnancy
(equivalent to the first 10 postnatal days (PND) in rodents) [5]. During this period, the
prefrontal cortex and hippocampus, along with other brain regions, go through a transient
period of mass neurodevelopment and rapid growth (growth spurt) [6-8]. Maternal alcohol
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consumption during this period leads, among other issues, to anatomical abnormalities,
depressive-like behaviors, and learning and memory impairments in children [9].

The mechanisms responsible for FASD-induced neurodegeneration are multifaceted
and complex. One such mechanism is oxidative stress [10,11]. The brain is particularly
vulnerable to the production of reactive oxygen species (ROS), because 20% of total oxy-
gen in the body is metabolized by the brain and it has a limited amount of antioxidant
capacity [12]. Numerous studies also indicate that oxidative stress plays a major role in the
etiology of depression, anxiety, and cognitive disorders [2].

The mTOR serine/threonine kinase is an enzyme that, among other effects, regulates
cell growth and protein homeostasis via two distinct complexes, mTORC1 and mTORC2.
As research suggests, chronic ethanol exposure activates mTOR and causes impairments of
the autophagy [13,14]. This is a catabolic process that maintains homeostasis in cells and is
activated by nutrient deprivation, metabolic stress, or exposure to toxic substances [15-17].
These factors lead to reactive oxygen species (ROS) stimulation and neuroapoptosis [18].
Selective inhibitors of mMTORC1 and non-selective mTORC1/mTORC?2 inhibitors could de-
crease ROS and may have a neuroprotective effect, especially for cognitive disorders. How-
ever, other compounds may have an impact on oxidative stress in an mTOR-independent
manner [19].

The present study investigated the hypothesis that development of emotional learning
deficits and depressive-like behaviors in adult rats exposed to ethanol during the neonatal
period are a function of oxidative stress that, in turn, depends on the mTOR signaling
pathway. To evaluate this hypothesis, we used Rapamycin—a selective mTORC1 inhibitor,
Torin-2—a non-selective mTORC1/C2 inhibitor, and FK-506—an inhibitor of oxidative
stress that acts independently to mTOR. To conduct such study, the male rat pups received
these substances as pre-treatment before ethanol (5 g/kg/day, intragastrically) administra-
tion during PND4-9 so as to protect their brain cells against oxydative stress development.
As adults (PND60), aversive learning and memory processes were tested by means of
the inhibitory passive avoidance (PA) task [19-22], while depressive-like behavior was
assessed using the forced swimming test (FST). Additionally, we evaluated the level of
reactive oxygen species (ROS) by quantifying apurinic/apyrimidinic (AP)-sites and the
production of LPO-malonodialdehyde (MDA) in the hippocampus and prefrontal cortex
cells of the adult rats. It should be noted that AP sites are one of the major types of damage
generated by ROS [23]. Similarly, the concentration of MDA in the tissues increases under
the effect of increased ROS production [24]. ROS are generated during ethanol catabolism
or from damaged mitochondpria in response to ethanol exposure. At low levels, ROS are
important regulators of cellular functions, but excessive ROS may cause oxidative stress,
resulting in neurodegeneration characteristics for FASD [25]. Although most research into
the issue of oxidative stress involves analysis in the first postnatal days [18,26-28], our
work differs in that we investigated whether markers of oxidative stress are indentifiable
in adult rats when behavioral deficits are present.

2. Results
2.1. Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration
during PND4-9 on Fear Learning and Memory as Measured in the PA Test in Adult (PND60/61)
Male Rats

In adult male rats, two-way ANOVA indicated a statistically significant effect of pre-
treatment with the used substances (Rapamycin, Torin-2, and FK-506) (F(3,56) = 6.120;
p < 0.01) and ethanol treatment (F(1,56) = 8.232; p < 0.01) on LI values of fear learning and
memory and interaction between these factors (F(3,56) = 7192; p < 0.001). However, post-
hoc analysis (Tukey’s test) revealed that only the ethanol-exposed group had significantly
decreased LI values in rats in the PA task, compared to the control group (p < 0.001). This
amnestic effect of ethanol was significantly reversed by Rapamycin pre-treatment at the
dose of 3 mg/kg (p < 0.001), but not by Torin-2 and FK-506 pre-treatment at the dose of
3 mg/kg (p < 0.05) (Figure 1). Rapamycin, Torin-2, and FK-506 alone pre-treatment at the
dose of 3 mg/kg also did not change the outcome of the undertaken experiments (p > 0.05).
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Figure 1. The influence of Rapamycin, Torin-2, and FK-506 pre-treatment (3 mg/kg, i.p.) during
the neonatal period before ethanol administration (PND4-9) on fear learning and memory, tested
24 h after the training session, as measured by the PA task (latency index) in adult (PND61) male
rats. Data are displayed as mean + SEM of 8 subjects per group. *** p < 0.001 vs. SI; " p < 0.001,
ns—nonsignificant vs. EtOH; NS—nonsignificant vs. the non-alcohol treated controls; SI—sham-
intubation (i.g.); EtOH—ethanol intubation (i.g.).

2.2. Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration
during PND4-9 on Depressive-Like Behavior as Measured in the FST Test in Adult (PND65)
Male Rats

Two-way analysis of variance (ANOVA) indicated that there were statistically signifi-
cant differences between pre-treated groups with the used substances (Rapamycin, Torin-2
and FK-506) (F(3,56) = 31.22; p < 0.001) and the ethanol treated groups (F(1,56) = 28.89;
p < 0.001) on depressive-like behavior, as well as significant interactions between these
two factors (F(3,56) = 8.352; p < 0.001). Post-hoc analysis (Tukey’s test) revealed that the
ethanol-exposed group exerted a statistically significant depressive-like effect (p < 0.001).
This was manifested in the reduction of total immobility time, in comparison to the con-
trol group. Pre-treatment with only Rapamycin had an anti-depressive effect p < 0.001).
Torin-2 and FK-506 did not significantly decreased immobility time (p < 0.001). Rapamycin
alone pre-treatment at the dose of 3 mg/kg did not change the outcome of the under-
taken experiments (p > 0.05), but Torin-2 and FK-506 at the dose of 3 mg/kg did (p < 0.05)
(Figure 2).
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Figure 2. The influence of Rapamycin, Torin-2, and FK-506 pre-treatment (3 mg/kg, i.p.) during the
neonatal period before ethanol administration (PND4-9) on the antidepressant-like effect in adult
(PND65) male rats as measured by the forced swim test (FST). Data are displayed as mean + SEM
of 8 subjects per group; *** p < 0.001 vs. SI; " p < 0.001, ns—nonsignificant vs. EtOH; # p < 0.05,
NS—nonsignificant vs. the non-alcohol treated controls; SI—sham-intubation (i.g.); EtOH—ethanol
intubation (i.g.).
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2.3. Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration
during PND4-9 on Locomotor Activity in Adult (PND59) Male Rats

Two-way analysis of variance (ANOVA) indicated that there were no statistically
significant differences between pre-treated groups with Rapamycin, Torin-2, and FK-506
(F(3,56) = 0.6464; p > 0.05) at the dose of 3 mg/kg and ethanol-treated groups (F(1,56) = 3.921;
p > 0.05) with regard to locomotor activity, and no significant interactions between these
two factors (F(3,56) = 1.978; p > 0.05) (Table 1).

Table 1. The influence of Rapamycin, Torin-2, and FK-506 pre-treatment (3 mg/kg, i.p.) during the
neonatal period before ethanol administration (PND4-9) on locomotor activity in adult male rats
(PND59). NS—nonsignificant vs. the non-ethanol treated controls.

Group N Distance Traveled (m) = SEM

1. 0.9% NaCl + SI 8 52.87 £ 2.631 (NS)

2. Rapamycin + SI 8 48.39 £ 4.486 (NS)
3. Torin-2 + SI 8 50.89 4 1.982 (NS)

4. FK-506 + SI 8 50.84 & 2.036 (NS)

5. 0.9% NaCl + EtOH 8 50.15 £ 2.72 1(NS)
6. Rapamycin + EtOH 8 53.52 + 0.650 (NS)
7. Torin-2 + EtOH 8 53.80 & 0.927 (NS)
8. FK-506 + EtOH 8 55.93 4 3.058 (NS)

NS—nonsignificant vs. the non-alcohol treated controls.

2.4. Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration
(PND4-9) on LPO Concentration in the Hippocampus and Prefrontal Cortex of Adult (PND65)
Male Rats

Two-way analysis of variance (ANOVA) indicated the statistically significant effect of
pre-treatment with Rapamycin, Torin-2, and FK-506 at the dose of 3 mg/kg on LPO concen-
trations in the hippocampus (F(3,56) = 3.880; p > 0.05) and prefrontal cortex (F(3,56) = 2.942;
p > 0.05), and also the significant effect of ethanol on LPO concentrations in the hip-
pocampus (F(1,56) = 95.08; p < 0.001) and prefrontal cortex (F(1,56) = 89.68; p < 0.001).
Two-way analysis also indicated significant interactions between these two factors in the
hippocampus (F(3,56) = 6.202; p < 0.01) and prefrontal cortex (F(3,56) = 6.926; p < 0.01).

Post-hoc analysis (Tukey’s test) in LPO concentrations in the hippocampus revealed
that the ethanol-exposed group had increased ROS production (p < 0.001) compared
to the control group. Pre-treatment with Rapamycin alone (p < 0.001) decreased this
concentration, but pre-treatment with Torin-2 and FK-506 (p > 0.05) did not. The pre-
treatment of Rapamycin alone at the dose 3 mg/kg also did not change the outcome of the
undertaken experiments (p > 0.05), but pre-treatment at the dose 3 mg/kg with Torin-2
(p < 0.001) and FK-506 (p < 0.001) did (Figure 3A).

In LPO concentrations in the prefrontal cortex, post-hoc analysis (Tukey’s test) showed
that the ethanol-exposed group had increased ROS production (p < 0.001) compared
to the control group. Pre-treatment with Rapamycin alone (p < 0.001) decreased this
concentration, but pre-treatment with Torin-2 and FK-506 (p > 0.05) did not. Rapamycin
alone pre-treatment at the dose of 3 mg/kg did not change the outcome of the undertaken
experiments (p > 0.05), but pre-treatment at the dose of 3 mg/kg with Torin-2 (p < 0.01) and
FK-506 (p < 0.0001) did (Figure 3B).

2.5. Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration
(PND4-9) on AP Site Levels in the Hippocampus and Prefrontal Cortex of Adult (PND65)
Male Rats

Two-way analysis of variance (ANOVA) indicated a statistically significant effect of
pre-treatment with Rapamycin, Torin-2, and FK-506 on AP site levels in the hippocampus
(F(3,56) = 9.930; p > 0.001) and prefrontal cortex (F(3,56) = 4.580; p > 0.01) and also the
significant effect of ethanol treatment on AP site levels in the hippocampus (F(1,56) = 12.17;
p < 0.001) and prefrontal cortex (F(1,56) = 8.353; p < 0.001). Two-way analysis also indicated
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significant interactions between these two factors in the hippocampus (F(3,56) = 68.55;
p < 0.01) and prefrontal cortex (F(3,56) = 38.04; p < 0.01).
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Figure 3. The influence of Rapamycin, Torin-2, and FK-506 pre-treatment (3 mg/kg, i.p.) during the
neonatal period before ethanol administration (PND4-9) on LPO (MDA + 4 HAE) concentration in
the hippocampus (A) and prefrontal cortex (B) of adult (PND61) male rats. The method is based
on the measurement of the following products of lipid peroxidation: malondialdehyde (MDA)
and 4-hydroxyalkenals (4HAE), which react with a chromogenic reagent N-methyl-2-phenylindole.
Data are displayed as % of control (SI) mean 4+ SEM of 8 subjects per group, and are expressed as
percentage of control group. *** p < 0.001 vs. S, "™ p < 0.001, ns—nonsignificant vs. EtOH; ## p < 0.01,
### p < 0.001, NS—nonsignificant vs. the non-alcohol treated controls; SI—sham-intubation (i.g.);
EtOH—ethanol intubation (i.g.).

Post-hoc analysis (Tukey’s test) in AP site levels in hippocampus showed that the
ethanol exposed group had increased damage generated by ROS (p < 0.001), compared
to the control group. Pre-treatment with Rapamycin (p < 0.001) decreased this AP site
level and ROS generation, but pre-treatment with Torin-2 and FK-506 (p > 0.05) did not.
Rapamycin alone pre-treatment at the dose of 3 mg/kg did not change the outcome of the
undertaken experiments (p > 0.05), but Torin-2 and FK-506 pre-treatment at the dose of
3 mg/kg (p < 0.05) did (Figure 4A).
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Figure 4. The influence of Rapamycin, Torin-2, and FK-506 pre-treatment (3 mg/kg, i.p.) during
the neonatal period before ethanol administration (PND4-9) on oxidative damages of DNA in the
hippocampus (A) and prefrontal cortex (B) of adult (PND61) male rats. The method is based on the
measurement of simple basic sites (AP sites) in DNA. Data are displayed as % of control (SI) mean
+ SEM of 8 subjects per group, and are expressed as percentage of control group. *** p < 0.001 vs.
SI; * p < 0.001; ns—nonsignificant vs. EtOH; # p < 0.05, ## p < 0.001, NS—nonsignificant vs. the
non-alcohol treated controls; SI—sham-intubation (i.g.); EEOH—ethanol intubation (i.g.).

Post-hoc analysis (Tukey’s test) of AP site levels in the prefrontal cortex revealed that
the ethanol-exposed group had increased damage generated by ROS (p < 0.001), compared
to the control group. Pre-treatment with Rapamycin also decreased this AP site level
and ROS generation (p < 0.001), but Torin-2 and FK-506 did not (p > 0.05). Moreover,
Rapamycin alone pre-treatment at the dose 3 mg/kg did not change the outcome of the
undertaken experiments (p > 0.05), but Torin-2 and FK-506 pre-treatment at the dose of
3 mg/kg (p < 0.05) did (Figure 4B).

3. Discussion

The current study demonstrated that the adult male rats exposed to ethanol during
the neonatal period (PND4-9) showed behavioral deficits in fear learning and memory
(according to the PA task results). Furthermore, our findings indicated that neonatal
ethanol exposure induced depressive-like behavior in adult male rats according to the
forced swimming test. Biochemical analysis also revealed an increase in LPO and AP
sites in the prefrontal cortex and hippocampus of adult rats exposed to ethanol during the
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neonatal period. These data suggest that ethanol-induced cognition deficits and depressive-
like behavior are related to increased oxidative stress in these brain structures during
neonatal ethanol exposure. Pre-treatment with various mTOR-dependent or independent
inhibitors of oxidative stress before ethanol administration during the neonatal period
mitigated learning and memory impairment, prevented the depressive-like behavior, and
attenuated the oxidative stress induced by ethanol. The most potent effects were observed
after pre-treatment with Rapamycin, a selective mTORC1 inhibitor. Administration with
this substance normalized these parameters to the values of the corresponding control
groups and effectively prevented the harmful effects of ethanol on the developing brain.

3.1. Rapamycin Prevents Ethanol-Induced Fear Learning and Memory Impairments

Our study shows deficits in fear learning and memory in adult rats that received
ethanol during the neonatal period. Thus, our results support the observations of other rat-
based [29] and C57 mice-based studies, as well as studies of learning deficits in humans [30]
prenatally exposed to alcohol. Generally, PA is a fear-motivated test classically used to
assess long-term memory based on negative reinforcement in small laboratory animals
(rat, mice). In our study, neonatal ethanol exposure significantly impaired all stages of
contextual memory (acquisition, consolidation, and retrieval) in the PA task. Acquisition
of this task requires the animals to learn to ignore their innate response to move to the
dark chamber and instead to stay in the light side. Therefore, the task requires behavioral
flexibility and inhibitory control (two behavioral features). However, we observed that
ethanol-exposed animals required a significantly longer time to learn this task than control
rats did. Published data show that emotionality (fear and/or anxiety) can [31] or cannot
affect avoidance behavior [20]. However, our previous study indicated that neonatal
ethanol-treated rats did not indicate anxiety-like behavior [32,33], therefore this factor
could not have had influenced on the obtained results in the PA task.

Our findings indicate that Rapamycin, the mTORCT selective inhibitor, given before
ethanol administration during the neonatal period, reversed these ethanol effects. Fur-
thermore, Torin-2—a non-selective mTORC1 /C2 inhibitor—and FK-506—a substance that
impacts oxidative stress in a mTOR-independent manner—did not prevent fear learning
and memory impairments, although the results were partially lowered by these compounds.
This means that Rapamycin pre-treated animals spent more time in the bright compartment
and less entered the dark compartment where they had been previously shocked. Fur-
thermore, our study confirms the participation of mTORC1 in this preventive mechanism
and indicates that the non-selective mTORC1/C2 inhibitor and other substances without
impact on mTOR pathway, do not show such behavior. Thus, our outcome suggests that
only mTORC1 is engaged in FASD-induced learning and memory deficits. It should be
noted that other factors such as ethanol-induced hyperlocomotion can affect the results in
this task. However, increase in locomotor activity is restricted to adolescence because it
was not observed in the adult (PND61) rats in our study (Table 1). This finding supports
previous evidence [32-34] that hyperactivity is characteristic mostly for children with
FASD [35] and becomes subtler when they become older.

3.2. Rapamycin Prevents Ethanol-Induced Depressive-Like Behavior

Various psychiatric illnesses, including depression, that are recognizable in young
children and in adults [36,37] are a consequence of alcohol consumption during pregnancy
and FASD development. Our study identified increased immobility in the forced swimming
test, in adult rats exposed to ethanol during the neonatal period. The behavioral despair,
which is assessed as immobility, is interpreted as a depressive-like behavior. These findings
in neonatal ethanol-exposed rats confirm and extend those of others [38-40], who also
reported that adult mice and rats that received ethanol during the neonatal period displayed
increased immobility time in the forced swimming test. These observations are due to
reduced locomotor activity in the ethanol-treated rats. However, our rats did not differ
from non-alcohol control rats in their locomotor activity, further supporting the conclusion
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that behaviors in the forced swimming test represent depressive-like behaviors (Table 1).
The reason for such discrepancies could be that our studies were conducted on male
adult rats, but clinical depression is more frequently observed in female rats [39,41,42].
The choice of male rats in these experiments was based on our previous findings that
showed no differences between the sexes in all the behavioral and biochemical studies
in adult rats receiving ethanol during the neonatal period [32,33]. In the present study,
Rapamycin, the selective mTORC1 inhibitor, given before ethanol administration during
the neonatal period prevented these depressive-like behaviors in adulthood. Moreover,
our study indicates that Torin-2, the non-selective mTORC1/C2 inhibitor, and FK-506,
which impacts oxidative stress in an mTOR-independent manner, cannot prevent the
depressive-like behaviors. Because Rapamycin is an mTORC1 inhibitor [43], our data
emphasize the involvement of mTORC1 in depression in adults that is induced by neonatal
alcohol exposure.

3.3. Rapamycin Prevents Ethanol-Induced LPO and Oxidative DNA Damage

Although Rapamycin possesses anti-inflammatory attributes, our study was focused
on its anti-oxidant properties [44]. Thus, markers of oxidative stress were evaluated. Previ-
ous research has shown that neonatal ethanol exposure, which leads to FASD, is related to
oxidative stress and increased ROS production [18]. The main source of ROS formation is
the mitochondrial failure that is associated with neurodegeneration [45]. One of the most
important consequences of ROS overproduction during FASD development is the modifi-
cation of DNA that leads to cognitive and depressive-like disorders. For these reasons, the
objective of our study was to evaluate oxidative DNA damage in the brain of rats submitted
to neonatal ethanol exposure (PND4-9). Our study, conducted in adult rats, reveals that
markers of oxidative stress induced by neonatal ethanol exposure are still present in rats
of this age block. Thus, our results confirmed that of several other studies [46-48]. The
current work reveals an increase in LPO in the hippocampus and prefrontal cortex of rats
exposed to ethanol during the neonatal period, which indicates oxidative stress. This
comes about because highly reactive oxygen metabolites act on the unsaturated fatty acids
of phospholipid components of membranes to produce malondialdehyde, a LPO product.
Reactivity of MDA and 4-HNE may cause damage to DNA [49]. In the brain, there is a
significant amount of unsaturated fatty acids, which are susceptible to peroxidation. LPO
decreases the life span of neurons, affects neurotransmitter release, and was reported as
being a major contributor to the loss of cell function under oxidative stress conditions in
depression and cognitive functions [50,51].

In ethanol-induced neurodegeneration affecting the brain, DNA damage induced by
oxidative stress is also one of the major factors leading to neuronal dysfunction and cell
death. Studies have shown that in brain structures such as the hippocampus and prefrontal
cortex, a relationship exists between DNA damage and the presence of cortisol, especially
during prolonged exposure to high levels of cortisol [52]. Oxidant-induced DNA damage
may, therefore, be a useful biomarker for chronic oxidative stress determination [53].
Oxidative damage is also believed to contribute substantially to the decline in cellular
functions that are associated with CNS diseases [54].

Previous studies have shown that oxidative DNA damage is linked to the onset of
specific human diseases such as neuronal degeneration [53-55]. One of the major types of
damage generated by ROS is at the AP site and results in increased levels of AP site markers
within the LPO. This is the most common DNA damage that is the outcome of the loss of
a DNA base [56]. Thus, our study revealed a statistically significant increase of AP site
accumulation in the DNA and LPO isolated from the hippocampus and prefrontal cortex
of rats that received ethanol during the neonatal period. Moreover, our results clearly show
that pre-treatment with Rapamycin, a selective mTORCI inhibitor, prevented the ROS
accumulation in the hippocampus and prefrontal cortex, the brain regions related with
FASD development. These results agree with previous findings showing that mTORC1
inhibitors alleviated ethanol-mediated ROS accumulation and attenuated ethanol-induced
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neuroapoptosis in cultured neurons and in the developing brain [18]. Our study also shows
that Torin-2, the non-selective mTORC1/C2 inhibitor, and other substances such as FK-506
are without impact on the mTOR pathway and cannot prevent the ethanol-stimulated
ROS accumulation.

3.4. Potential Mechanism

The exact mechanism of Rapamycin involvement in FASD development and poten-
tial protection still remains unknown. Oxidative stress, which is caused by expressive
production of ROS, has been proposed as a one of the mechanisms for ethanol-induced
neuronal damage and is associated with modulation of behavioral processes underlying
the performance of cognition and emotions. To explore this hypothesis, we evaluated the
effect of various modulators of mTOR so as to ascertain which pathway is involved in
oxidative stress and inhibition, as well as which substance has potential therapeutic value.
The present study confirms that FASD may be a result of oxidative stress. In our study, the
level of LPO and AP site damage was increased in the hippocampus and prefrontal cortex,
two brain regions involved in learning and memory and depression. Moreover, these data
support the previous findings that prenatal ethanol exposure is associated with an increase
in oxidative stress in the brain regions involved in neurodegeneration [57]. The effects we
saw were ameliorated by Rapamycin but also by Torin-2 and FK-506. However, the results
induced by Torin-2 (a non-selective mTORC1/C2 inhibitor) and FK-506 (which impacts
oxidative stress in a mTOR-independent manner) administration did not have significant
impact. Thus, we can suggest that neonatal ethanol exposure may induce deleterious
effects in the mTORC1 signaling pathway and this leads to an increase in LPO and AP
site production.

A recent study confirmed that oxidative stress in ethanol-treated rats brings about
damage to mitochondria (essential in regulation of apoptosis), and results in the production
of intracellular reactive oxygen [58]. Our data confirm the involvement of oxidative stress,
but the limitation of the study is a lack of data on apoptosis and autophagy—which are
also mTOR dependent. Other studies demonstrate that in experimental FASD models, cell
loss is mediated by apoptosis, mitochondrial dysfunction, and impaired survival signaling
through insulin and IGF-I receptor tyrosine kinases [59-62]. Yet another mechanism of
FASD is the destruction of autophagy that offers protection against neurodegeneration.
Rapamycin selectively activates autophagy (mitophagy) and eliminates the defective mito-
chondria. This could be the one of the mechanisms of Rapamycin that induces neuronal
protection against ethanol-induced oxidative stress and neuronal death [63,64]. Such
mechanism was also pointed out by other authors [18,25,65,66]. Moreover, previous work
(including our own) indicates that the glutamatergic neurotransmission that takes part in
brain development is affected by fetal/neonatal ethanol exposure and can be rescue by
mTOR inhibitors [32,33].

Taken together, our findings suggest that Rapamycin, as a selective inhibitor of
mTORCI, can act neuroprotectively in response to ethanol neurotoxicity, and that it allevi-
ates ethanol-mediated oxidative stress and neuronal death. It is possible that the described
changes are dependent on autophagy flux, hence, the exact mechanism of such interactions
needs further evaluation. Overall, our work reveals that mMTORC1 inhibitors play an im-
portant role in depressive-like behaviors and learning functions in adult rats that received
ethanol during the neonatal period and may be useful as a preventive therapy in disorders
connected with prenatal ethanol exposure.

4. Materials and Methods
4.1. Animals

Wistar rats (Medical University of Lublin, Lublin, Poland) were bred and housed
in a vivarium under standard laboratory conditions: a light/dark cycle of 12 h/12 h,
consistent temperature of 22 £+ 1 °C, controlled humidity of 55 + 10%, and free access
to standard laboratory chow (Sniff Spezialdidten GmbH, Soest, Germany) and water ad
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libitum. For breeding, one male and one female rat were housed together for one week.
Beginning 3 weeks after mating, the females were checked twice a day for parturition.
Following parturition, on PND3, male pups were assigned to double experimental groups
(Experiment 1: behavioral paradigm, Experiment 2: biochemical analysis) 8 pups each and
retaining equal numbers (see below). All rats (male and female) were housed with dams to
PND21 then housed with 2-3 littermates through PND59. Our experiments used only male
rats. This is because, according to prior research [32,67,68], male rats are more vulnerable
to fetal /neonatal ethanbol exposure. All females were transferred to other studies. The rats
were handled once a day for five days before the beginning of the behavioral experiments
that were initiated at PND59. The biochemical experiments were conducted at PND65
after completing the behavioral part of study, in addition to any other studies involving
the live animals. The experiments were conducted between 8:00 a.m. and 4:00 p.m. and
carried out according to the National Institute of Health Guidelines for the Care and Use of
Laboratory Animals, as well as the European Community Council Directive for Care and
Use of Laboratory Animals (86/609/EEC) and were approved on 1 July 2019, by the Local
Ethics Committee (54/2019).

4.2. Drugs and Neonatal Treatment

On PND3, male rat pups were paw-marked for identification and were assigned into
1 of 8 treatment groups that were used in the behavioral and biochemical experiments:
0.9%NaCl + sham intubated, Rapamycin + sham-intubated (3 mg/kg), Torin-2 (3 mg/kg)
+ sham-intubated, Fk-506 (3 mg/kg) + sham intubated, 0.9%NaCl + ethanol, Rapamycin
(3 mg/kg) + ethanol, Torin-2 (3 mg/kg) + ethanol, or FK-506 (3 mg/kg) + ethanol (see
Table 2). Induction of FAS was started on PND 4 and was carried out according to the
method found in [32]. Ethanol (95% w/v, Polmos, Poznan, Poland) was given on PND4-9
as a “3rd trimester exposure” model. Pups received ethanol via intragastric intubation (i.g.)
(5.0 g/kg/day; 22.66% v/v) delivered in a milk (Bebilon 1 Pronutra Plus) solution. This
dose of ethanol produces significant neurotoxicity during the third trimester equivalent and
may lead to neurobehavioral deficits [69]. The other substances, Rapamycin (Selleckchem,
Munich, Germany), Torin-2 (Tocris Bioscience), and FK-506 (Tocris Bioscience), were dis-
solved in 0.9% NaCl and given intraperitoneally (i.p.), 1 h before ethanol intubation at the
dose of 3 mg/kg. The Rapamycin dose was chosen based on a previous study by [70], the
Torin-2 and FK-506 doses were chosen based on the approach used by [71]. Sham-intubated
control rats received i.g. intubation without ethanol-milk or milk solution.

Table 2. Experimental groups. SI—shame intubation (i.g.); EEOH—ethanol intubation (i.g.).

Intraperitoneally Intragastric (i.g.)

Number of Groups (i.p.) Injection Intubation N
1. 0.9%NaCl SI 8
2. Rapamycin SI 8
3. Torin-2 SI 8
4. FK-506 SI 8
5. 0.9%NaCl EtOH 8
6. Rapamycin EtOH 8
7. Torin-2 EtOH 8
8. FK-506 EtOH 8

4.3. Experiments
4.3.1. Passive Avoidance (PA)

The passive avoidance procedure produces similar results in both mice and rats [72].
The PA apparatus consisted of a two-compartment acrylic box with a lighted (8 W light)
chamber (10 x 13 x 15 cm) and a darkened chamber (25 x 20 x 15 cm) equipped with
an electric grid floor. The compartments were separated by guillotine door. Entrance of
animals to the dark box was punished by an electric foot shock (0.15 mA for 2 s).
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The PA procedure was based on the association formed between an aversive stimulus
(foot shock of 0.15 mA intensity and 2 s duration) and a specific environmental context (dark
compartment). The experiment consisted of three steps: habituation (PND60), training
(PND60), and retention testing (PND61). The procedure was as follows.

All rats were allowed to habituate in the experimental room for at least 30 min prior
to the experiments. Next, in the training session, each animal was gently placed in the light
compartment of the apparatus and allowed to freely explore. After 30 s, the guillotine door
was opened, and the rat was allowed to enter the dark compartment. When the rat entered
the dark chamber, the guillotine door was closed and the electric foot-shock duration was
delivered immediately to the animal via the grid floor of the dark room by an insulated
stimulator. Next, the animal was removed from the apparatus and placed in its home cage.
The latency with which the animal crossed into the dark compartment was recorded (TL1).
If the rat failed to enter the dark box within 300 s, it was placed into this dark box, the
door was closed, and the electric foot-shock was delivered to the animal. In this case, TL1
value was recorded as 300 s. On PND61, 24 h later, the retention test trial was conducted
with exactly the same conditions, but without electric shock. The latency with which the
animal crossed into the dark compartment was recorded (TL2) and the time spent in the
dark compartment was measured up to 300 s. If the animal did not enter the dark chamber
within 300 s, the test was terminated and TL2 was recorded as 300 s.

To assess memory-related behaviors, the changes in the PA task were expressed as
the difference between training and test latencies and were taken as the latency index
(LI). LI was calculated for each animal as the ratio: LI = TL2-TL1/TL1, where: TL1—the
time taken to enter the dark compartment during the training and TL2—the time taken
to re-enter the dark compartment during the retention [73]. A high value of IL proves the
positive influence of the tested substances on learning processes and memory, while low IL
indicates disturbances in short-term memory processes and cognitive processes.

4.3.2. Forced Swim Test (FST)

The experiment was carried out using the test proposed by [74] to examine the antide-
pressant effect of drugs. The main idea is based on the observation of an animal forced to
swim in a situation without possibility of escape. After the initial period of vigorous move-
ments, the animals give up further attempts (immobility time), which reflects a human
sense of hopelessness. The longer the time of immobility, the greater the tendency of the
animal to depressive behavior in comparison to the control group.

The FST procedure consisted of a habituation (PND64) and test phase (PND65). The
procedure was as follows.

During the habituation phase, on the first day of the experiment, each rat was placed
individually in a glass cylinder (10-liter capacity) filled with water (23-25 °C) for 15 min in
order for it to adapt to the new conditions. After this time, the animals were returned to
their home cages. On PND65, 24 h later, the test phase was conducted. The animals were
placed individually in the water-filled cylinder again for 5 min and the total immobility
time was measured by means of stopwatch. Immobility was assumed when the animal
floated passively (in a semi-horizontal position), performing only enough movement
necessary to keep its head above water (the natural behavior of animals is to try to swim
and escape, alternating between being active and being motionless).

4.3.3. Locomotor Activity (LA)

The locomotor activity of individual rats was recorded using a photocell apparatus
(Porfex, Bialystok, Poland) and was undertaken to exclude the impact of locomotor on the
PA and FST results. The apparatus was a square cage (60 x 60 cm?) made of transparent
plexiglass and was designed for measuring locomotor activity (Porfex, Biatystok, Poland).
The cages were located in a sound-attenuated experimental room with constant lighting
(40 W). The procedure was as follows, and was based on a method used in previous
studies [32,33]:
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The animals (PND59) were placed in the square Plexiglas cage. After 10 min of
acclimatization, the total horizontal activity (distance traveled in meters) of individual
animals was measured (15 min) by two rows of infrared light-sensitivity photocells placed
45 and 100 mm above the floor. To remove odor traces, the apparatus was thoroughly
cleaned with water between each individual test run.

4.3.4. Determination of Biochemical Parameters

On the last day of behavioral experiments (PND65), the animals were humanely killed
and the prefrontal cortex and hippocampus were isolated from the rats’ brains. During the
next step, tissue was homogenized from the frozen brain samples using extraction buffer.
All biochemical measurements were conducted from these homogenates. The experimental
procedures were performed according to the instructions supplied with each respective kit.

In this experiment, lipid hydroperoxide (LPO) testing was undertaken. LPO was based
on malondialdehyde and 4-hydroxyalkenals concentration (MDA + 4HAE) (OxisResearch,
Rockville, MD, USA). The principle underlying LPO assessment is based on the reaction of
a chromogenic reagent R1 (N-methyl-2-phenylindole) with malondialdehyde (MDA) and
4-hydroxyalkenals (4HAE) at 45 °C. Two molecules of R1 react with one molecule of MDA
or 4-hydroxyalkenals to form a chromophore with an absorbance maximum at 586 nm.
Measuring the concentration of MDA in combination with 4-hydroxyalkenals in methane
sulfonic acid was used as an indicator of LPO level.

4.3.5. Determination of DNA Oxidative Damage

DNA was isolated with a Syngen DNA Mini Kit (Syngen, Wroclaw, Poland) according
to the manufacturer’s protocol. The concentration and purity of the genomic DNA were
measured using a NanoDrop MaestroNano Micro-Volume Spectrophotometer (Maestrogen
Inc., Hsinchu City, Taiwan) and adjusted to 100 ug/mL in TE buffer. Oxidative DNA
damage was evaluated by measuring the number of basic sites (the so-called AP) with a
DNA Damage Quantification Kit (Dojindo, Kumamoto, Japan). Oxidative attacks by ROS
on the deoxyribose moiety lead to the release of free bases from DNA, generating strand
breaks with various sugar modifications and simple basic sites (AP sites). The aldehyde-
reactive probe (ARP; N'-aminooxymethylcarbonylhydrazin-D-biotin) reacts specifically
with an aldehyde group present on the open ring form of AP sites, making it possible to
detect DNA modifications that result in the formation of an aldehyde group. Biotin-avidin-
specific connection and horseradish peroxidase were used for colorimetric detection at
650nm. AP sites were measured in the DNA isolated from the hippocampus and prefrontal
cortex of the rats.

4.4. Statistical Analyses

The results were analyzed using the GraphPad Prism version 8.00 for Windows,
GraphPad Software (San Diego, CA, USA). The statistical significance of drug effects
and the behavioral and biochemical tests were analyzed by two-way analysis of variance
(ANOVA) with repeated measures. This was followed Tukey’s post-hoc test. The results
were presented as means £ standard errors of means (SEM) of values. A p value of less
than 0.5 was considered statistically significant for all tests

5. Conclusions

Collectively, the present data demonstrate that the mTORC]1 signaling pathway is
responsible for the neurodegenerative effects of alcohol on brain development during the
neonatal period. Moreover, these data reveal that such effects are associated with increased
oxidative stress parameters in the hippocampus and prefrontal cortex. Our results also
suggest that Rapamycin (a selective mTORC1 inhibitor), but not Torin-2 (a non-selective
mTORC1/C2 inhibitor) or FK-506 (which has an impact on oxidative stress in a mTOR-
independent manner), could have protective effects against the ethanol-induced LPO and
AP site levels in the hippocampus and prefrontal cortex. Both of the latter are indicators
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of oxidative processes. However, a better understanding of the mTORC1 mechanism and
oxidative stress are needed to produce effective therapy against neurotoxicity induced by
neonatal ethanol exposure.

Author Contributions: Conceptualization, M.L.-M. and ].H.K.; methodology, M.L.-M., ] HK. and
E.G.-T,; software, L.K,; validation, M.L.-M.; E.G.-T., ] HK. and L.K,; formal analysis, ] H.K.; investiga-
tion, M.L.-M., E.G.-T. and ] H.K,; data curation, M.L.-M., E.G.-T., ] HK. and L K,; writing—original
draft preparation, M.L.-M., E.G.-T., ] H.K. and L.K,; writing—review and editing, M.L.-M., E.G.-T.,
JJHK. and L K,; visualization, M.L.-M.; E.G.-T., J HK. and L.K; supervision, ] H.K.; project adminis-
tration, ].H.K,; funding acquisition, ].H.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by the Statutory Funds of the Medical University of Lublin
(DS 22/2020).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved on 1 July 2019 by the Local Ethics Committee (54/2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wilhoit, L.E; Scott, D.A.; Simecka, B.A. Fetal Alcohol Spectrum Disorders: Characteristics, Complications, and Treatment.
Community Ment. Health ]. 2017, 53, 711-718. [CrossRef] [PubMed]

2. Michel, T.; Frangou, S.; Thiemeyer, D.; Camara, S.; Jecel, J.; Nara, K.; Brunklaus, A.; Zoechling, R.; Riederer, P. Evidence for
oxidative stress in the frontal cortex in patients with recurrent depressive disorder—A postmortem study. Psychiatry Res. 2007,
151, 145-150. [CrossRef] [PubMed]

3.  Calhoun, E; Attilia, M.L.; Spagnolo, P.A.; Rotondo, C.; Mancinelli, R.; Ceccanti, M. National Institute on Alcohol Abuse and
Alcoholism and the study of fetal alcohol spectrum disorders. The International Consortium. Ann. dell’Istituto Super. Sanita 2006,
42,4-7.

4.  Riley, E.P; Infante, M.A.; Warren, K.R. Fetal Alcohol Spectrum Disorders: An Overview. Neuropsychol. Rev. 2011, 21, 73-80.
[CrossRef] [PubMed]

5. Dobbing, J.; Sands, ]. Comparative aspects of the brain growth spurt. Early Hum. Dev. 1979, 3, 79-83. [CrossRef]

6.  Hamilton, G.; Hernandez, I.; Krebs, C.; Bucko, P.; Rhodes, ]. Neonatal alcohol exposure reduces number of parvalbumin-positive
interneurons in the medial prefrontal cortex and impairs passive avoidance acquisition in mice deficits not rescued from exercise.
Neuroscience 2017, 352, 52-63. [CrossRef] [PubMed]

7. Mohajerani, M.H.; Cherubini, E. Role of giant depolarizing potentials in shaping synaptic currents in the developing hippocampus.
Crit. Rev. Neurobiol. 2006, 18, 13-23. [CrossRef]

8.  Lohmann, C.; Kessels, H-W. The developmental stages of synaptic plasticity. . Physiol. 2013, 592, 13-31. [CrossRef]

9. Roediger, D.J.; Krueger, A.M.; de Water, E.; Mueller, B.A ; Boys, C.A.; Hendrickson, T.J.; Schumacher, M.].; Mattson, S.N.; Jones,
K.L.; Lim, K.O; et al. Hippocampal subfield abnormalities and memory functioning in children with fetal alcohol Spectrum
disorders. Neurotoxicology Teratol. 2021, 83, 106944. [CrossRef]

10. Chu,].; Tong, M.; De La Monte, S.M. Chronic ethanol exposure causes mitochondrial dysfunction and oxidative stress in immature
central nervous system neurons. Acta Neuropathol. 2007, 113, 659-673. [CrossRef]

11. Dembele, K.; Yao, X.-H.; Chen, L.; Nyomba, B.L.G. Intrauterine ethanol exposure results in hypothalamic oxidative stress and
neuroendocrine alterations in adult rat offspring. Am. J. Physiol. Integr. Comp. Physiol. 2006, 291, R796-R802. [CrossRef]

12.  Halliwell, B. Oxidative stress and neurodegeneration: Where are we now? J. Neurochem. 2006, 97, 1634-1658. [CrossRef]

13. He, ]; Kang, L.; Wu, T.; Zhang, J.; Wang, H.; Gao, H.; Zhang, Y.; Huang, B.; Liu, W.; Kou, Z.; et al. An Elaborate Regulation
of Mammalian Target of Rapamycin Activity Is Required for Somatic Cell Reprogramming Induced by Defined Transcription
Factors. Stem Cells Dev. 2012, 21, 2630-2641. [CrossRef] [PubMed]

14. Pla, A.F,; Pascual, M.; Renaupiqueras, J.; Guerri, C. TLR4 mediates the impairment of ubiquitin-proteasome and autophagy-
lysosome pathways induced by ethanol treatment in brain. Cell Death Dis. 2014, 5, e1066. [CrossRef] [PubMed]

15. Lee, J.-A. Neuronal Autophagy: A Housekeeper or a Fighter in Neuronal Cell Survival? Exp. Neurobiol. 2012, 21, 1-8. [CrossRef]

16. Shen, H.-M.; Codogno, P. Autophagy is a survival force via suppression of necrotic cell death. Exp. Cell Res. 2012, 318, 1304-1308.
[CrossRef] [PubMed]

17.  Loos, B.; Engelbrecht, A.-M.; Lockshin, R.A.; Klionsky, D.].; Zakeri, Z. The variability of autophagy and cell death susceptibility.

Autophagy 2013, 9, 1270-1285. [CrossRef]


http://doi.org/10.1007/s10597-017-0104-0
http://www.ncbi.nlm.nih.gov/pubmed/28168434
http://doi.org/10.1016/j.psychres.2006.04.013
http://www.ncbi.nlm.nih.gov/pubmed/17296234
http://doi.org/10.1007/s11065-011-9166-x
http://www.ncbi.nlm.nih.gov/pubmed/21499711
http://doi.org/10.1016/0378-3782(79)90022-7
http://doi.org/10.1016/j.neuroscience.2017.03.058
http://www.ncbi.nlm.nih.gov/pubmed/28391014
http://doi.org/10.1615/CritRevNeurobiol.v18.i1-2.30
http://doi.org/10.1113/jphysiol.2012.235119
http://doi.org/10.1016/j.ntt.2020.106944
http://doi.org/10.1007/s00401-007-0199-4
http://doi.org/10.1152/ajpregu.00633.2005
http://doi.org/10.1111/j.1471-4159.2006.03907.x
http://doi.org/10.1089/scd.2012.0015
http://www.ncbi.nlm.nih.gov/pubmed/22471963
http://doi.org/10.1038/cddis.2014.46
http://www.ncbi.nlm.nih.gov/pubmed/24556681
http://doi.org/10.5607/en.2012.21.1.1
http://doi.org/10.1016/j.yexcr.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22366289
http://doi.org/10.4161/auto.25560

Int. J. Mol. Sci. 2021, 22, 7083 14 of 16

18.
19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.
31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Luo, J. Autophagy and ethanol neurotoxicity. Autophagy 2014, 10, 2099-2108. [CrossRef]

Chen, T.; Wan, H.; Guo, A.; Chen, J.; Long, Y.; Shen, L.; Yu, J.; Zhao, J.; Pei, G. Rapamycin and other longevity-promoting
compounds enhance the generation of mouse induced pluripotent stem cells. Aging Cell 2011, 10, 908-911. [CrossRef]
Kotlinska, ].H.; Lopatynska-Mazurek, M.; Gawel, K.; Gabka, P.; Jenda-Wojtanowska, M.; Kruk-Slomka, M.; Marszalek-Grabska,
M.; Danilczuk, Z.; Kedzierska, E.; Talarek, S.; et al. Impact of the metabotropic glutamate receptor7 (mGlu?) allosteric agonist,
AMNO82, on fear learning and memory and anxiety-like behavior. Eur. |. Pharmacol. 2019, 858, 172512. [CrossRef]

Gold, PE. The use of avoidance training in studies of modulation of memory storage. Behav. Neural Biol. 1986, 46, 87-98.
[CrossRef]

Roozendaal, B.; McGaugh, ].L. Memory modulation. Behav. Neurosci. 2011, 125, 797-824. [CrossRef]

Poetsch, A.R. The genomics of oxidative DNA damage, repair, and resulting mutagenesis. Comput. Struct. Biotechnol. ]. 2020, 18,
207-219. [CrossRef] [PubMed]

Niedernhofer, L.J.; Daniels, J.S.; Rouzer, C.A.; Greene, R.E.; Marnett, L.]. Malondialdehyde, a Product of Lipid Peroxidation, Is
Mutagenic in Human Cells. J. Biol. Chem. 2003, 278, 31426-31433. [CrossRef] [PubMed]

Chen, G.; Ke, Z.; Xu, M,; Liao, M.; Wang, X.; Qi, Y.; Zhang, T.; Frank, J.A.; Bower, K.A_; Shi, X.; et al. Autophagy is a protective
response to ethanol neurotoxicity. Autophagy 2012, 8, 1577-1589. [CrossRef]

Kane, C.J.; Chang, J.Y,; Roberson, PX.; Garg, TK.; Han, L. Ethanol exposure of neonatal rats does not increase biomarkers of
oxidative stress in isolated cerebellar granule neurons. Alcohol 2008, 42, 29-36. [CrossRef]

Ramachandran, V.; Perez, A.; Chen, J.; Senthil, D.; Schenker, S.; Henderson, G.I. In utero ethanol exposure causes mitochondrial
dysfunction, which can result in apoptotic cell death in fetal brain: A potential role for 4-hydroxynonenal. Alcohol. Clin. Exp. Res.
2001, 25, 862-871. [CrossRef]

Smith, A.M.; Zeve, D.R; Grisel, ].].; Chen, W.-].A. Neonatal alcohol exposure increases malondialdehyde (MDA) and glutathione
(GSH) levels in the developing cerebellum. Dev. Brain Res. 2005, 160, 231-238. [CrossRef]

Riley, E.P,; Lochry, E.A.; Shapiro, N.R. Lack of response inhibition in rats prenatally exposed to alcohol. Psychopharmacology 1979,
62,47-52. [CrossRef]

Rosett, H.L. A Clinical Perspective of the Fetal Alcohol Syndrome. Alcohol. Clin. Exp. Res. 1980, 4, 119-122. [CrossRef] [PubMed]
Fernandez-Teruel, A.; Tobefia, A. Revisiting the role of anxiety in the initial acquisition of two-way active avoidance: Pharmaco-
logical, behavioural and neuroanatomical convergence. Neurosci. Biobehav. Rev. 2020, 118, 739-758. [CrossRef]
Lopatynska-Mazurek, M.; Pankowska, A.; Gibula-Tarlowska, E.; Pietura, R.; Kotlinska, J. Rapamycin Improves Recognition
Memory and Normalizes Amino-Acids and Amines Levels in the Hippocampal Dentate Gyrus in Adult Rats Exposed to Ethanol
during the Neonatal Period. Biomolecules 2021, 11, 362. [CrossRef]

Lopatynska-Mazurek, M.; Antolak, A.; Grochecki, P.; Gibula-Tarlowska, E.; Bodzon-Kulakowska, A.; Listos, J.; Kedzierska, E.;
Suder, P; Silberring, J.; Kotlinska, J. Rapamycin Improves Spatial Learning Deficits, Vulnerability to Alcohol Addiction and
Altered Expression of the GluN2B Subunit of the NMDA Receptor in Adult Rats Exposed to Ethanol during the Neonatal Period.
Biomolecules 2021, 11, 650. [CrossRef]

Gibula-Tarlowska, E.; Korz, V.; Lopatynska-Mazurek, M.; Chlopas-Konowalek, A.; Grochecki, P.; Kalaba, P.; Dragacevic, V.;
Kotlinski, R.; Kujawski, R.; Szulc, M.; et al. CE-123, a novel dopamine transporter inhibitor, attenuates locomotor hyperactivity
and improves cognitive functions in rat model of fetal alcohol spectrum disorders. Behav. Brain Res. 2021, 410, 113326. [CrossRef]
Sase, A.; Aher, Y.D.; Saroja, S.R.; Ganesan, M.K,; Sase, S.; Holy, M.; Hoger, H.; Bakulev, V.; Ecker, G.F; Langer, T.; et al.
A heterocyclic compound CE-103 inhibits dopamine reuptake and modulates dopamine transporter and dopamine D1-D3
containing receptor complexes. Neuropharmacology 2016, 102, 186-196. [CrossRef]

Famy, C.; Streissguth, A.P.; Unis, A.S. Mental Illness in Adults with Fetal Alcohol Syndrome or Fetal Alcohol Effects. Am. ].
Psychiatry 1998, 155, 552-554. [CrossRef] [PubMed]

O’Connor, M.].; Paley, B. The Relationship of Prenatal Alcohol Exposure and the Postnatal Environment to Child Depressive
Symptoms. J. Pediatr. Psychol. 2006, 31, 50-64. [CrossRef] [PubMed]

Caldwell, K.K.; Sheema, S.; Paz, R.D.; Samudio-Ruiz, S.L.; Laughlin, M.H.; Spence, N.E.; Roehlk, M.].; Alcon, S.N.; Allan, A. Fetal
alcohol spectrum disorder-associated depression: Evidence for reductions in the levels of brain-derived neurotrophic factor in a
mouse model. Pharmacol. Biochem. Behav. 2008, 90, 614-624. [CrossRef] [PubMed]

Wilcoxon, ].S.; Kuo, A.G.; Disterhoft, ].F.; Redei, E.E. Behavioral deficits associated with fetal alcohol exposure are reversed by
prenatal thyroid hormone treatment: A role for maternal thyroid hormone deficiency in FAE. Mol. Psychiatry 2005, 10, 961-971.
[CrossRef]

Carneiro, L.M.; Didgenes, ]J.P.L.; Vasconcelos, S.M.; Aragao, G.F.; Noronha, E.C.; Gomes, P.B.; Viana, G.S. Behavioral and
neurochemical effects on rat offspring after prenatal exposure to ethanol. Neurotoxicology Teratol. 2005, 27, 585-592. [CrossRef]
Kessler, R.C. Epidemiology of women and depression. J. Affect. Disord. 2003, 74, 5-13. [CrossRef]

Kessler, R.C.; Akiskal, H.S.; Ames, M.; Birnbaum, H.; Greenberg, P Jin, R.; Merikangas, K.R.; Simon, G.E.; Wang, P.S. Prevalence
and effects of mood disorders on work performance in a nationally representative sample of U.S. workers. Am. |. Psychiatry. 2006,
163, 1561-1568. [CrossRef] [PubMed]

Dowling, R.J.; Topisirovic, I.; Fonseca, B.D.; Sonenberg, N. Dissecting the role of mMTOR: Lessons from mTOR inhibitors. Biochim.
Biophys. Acta (BBA) Proteins Proteom. 2010, 1804, 433—439. [CrossRef] [PubMed]


http://doi.org/10.4161/15548627.2014.981916
http://doi.org/10.1111/j.1474-9726.2011.00722.x
http://doi.org/10.1016/j.ejphar.2019.172512
http://doi.org/10.1016/S0163-1047(86)90927-1
http://doi.org/10.1037/a0026187
http://doi.org/10.1016/j.csbj.2019.12.013
http://www.ncbi.nlm.nih.gov/pubmed/31993111
http://doi.org/10.1074/jbc.M212549200
http://www.ncbi.nlm.nih.gov/pubmed/12775726
http://doi.org/10.4161/auto.21376
http://doi.org/10.1016/j.alcohol.2007.10.003
http://doi.org/10.1111/j.1530-0277.2001.tb02292.x
http://doi.org/10.1016/j.devbrainres.2005.09.004
http://doi.org/10.1007/BF00426034
http://doi.org/10.1111/j.1530-0277.1980.tb05626.x
http://www.ncbi.nlm.nih.gov/pubmed/6990814
http://doi.org/10.1016/j.neubiorev.2020.08.014
http://doi.org/10.3390/biom11030362
http://doi.org/10.3390/biom11050650
http://doi.org/10.1016/j.bbr.2021.113326
http://doi.org/10.1016/j.neuropharm.2015.07.039
http://doi.org/10.1176/ajp.155.4.552
http://www.ncbi.nlm.nih.gov/pubmed/9546004
http://doi.org/10.1093/jpepsy/jsj021
http://www.ncbi.nlm.nih.gov/pubmed/15802607
http://doi.org/10.1016/j.pbb.2008.05.004
http://www.ncbi.nlm.nih.gov/pubmed/18558427
http://doi.org/10.1038/sj.mp.4001694
http://doi.org/10.1016/j.ntt.2005.06.006
http://doi.org/10.1016/S0165-0327(02)00426-3
http://doi.org/10.1176/ajp.2006.163.9.1561
http://www.ncbi.nlm.nih.gov/pubmed/16946181
http://doi.org/10.1016/j.bbapap.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20005306

Int. J. Mol. Sci. 2021, 22, 7083 15 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

Codeluppi, S.; Fernandez-Zafra, T.; Sandor, K.; Kjell, J.; Liu, Q.; Abrams, M.; Olson, L.; Gray, N.S.; Svensson, C.I.; Uhlén, P.
Interleukin-6 Secretion by Astrocytes Is Dynamically Regulated by PI3K-mTOR-Calcium Signaling. PLoS ONE 2014, 9, €92649.
[CrossRef]

Ballatori, N.; Krance, S.M.; Notenboom, S.; Shi, S.; Tieu, K.; Hammond, C.L. Glutathione dysregulation and the etiology and
progression of human diseases. Biol. Chem. 2009, 390, 191-214. [CrossRef]

Akers, K.; Kushner, S.; Leslie, A.; Clareke, L.; van der Kooy, D.; Lerch, J.P; Frankland, P.W. Fetal alcohol exposure leads to
abnormal olfactory bulb development and impaired odor discrimination in adult mice. Mol. Brain. 2011, 4, 29. [CrossRef]
[PubMed]

Moreland, N.; La Grange, L.; Montoya, R. Impact of in utero exposure to EtOH on corpus callosum development and paw
preference in rats: Protective effects of silymarin. BMC Complement. Altern. Med. 2002, 2, 10. [CrossRef]

Petkov, V.V,; Stoianovski, D.; Petkov, V.D.; Vyglenova, I. Lipid peroxidation changes in the brain in fetal alcohol syndrome. Bull.
Exp. Biol. Med. 1992, 113, 500-502. [CrossRef]

Ayala, A.; Mufioz, M.F.; Argiielles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde
and 4-Hydroxy-2-Nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 1-31. [CrossRef]

Vavékova, M.; Duratkova, Z.; Trebaticka, J. Markers of Oxidative Stress and Neuroprogression in Depression Disorder. Oxidative
Med. Cell. Longev. 2015, 2015, 1-12. [CrossRef]

Storey, K.B. Oxidative stress: Animal adaptations in nature. Braz. |. Med. Biol. Res. 1996, 29, 1715-1733.

Simsek, $.; Yiiksel, T.; Kaplan, I; Uysal, C.; Aktas, H. The Levels of Cortisol and Oxidative Stress and DNA Damage in Child
and Adolescent Victims of Sexual Abuse with or without Post-Traumatic Stress Disorder. Psychiatry Investig. 2016, 13, 616-621.
[CrossRef] [PubMed]

Yakes, FM.; Van Houten, B. Mitochondrial DNA damage is more extensive and persists longer than nuclear DNA damage in
human cells following oxidative stress. Proc. Natl. Acad. Sci. USA 1997, 94, 514-519. [CrossRef] [PubMed]

Englander, E.W. Brain capacity for repair of oxidatively damaged DNA and preservation of neuronal function. Mech. Ageing Dev.
2008, 129, 475-482. [CrossRef] [PubMed]

Huang, D.; Shenoy, A.; Cui, J.; Huang, W.; Liu, PK. In situ detection of AP sites and DNA strand breaks bearing 3’-phosphate
termini in ischemic mouse brain. FASEB J. 2000, 14, 407-417. [CrossRef]

Filler, K.; Lyon, D.; Bennett, J.; McCain, N.; Elswick, R.; Lukkahatai, N.; Saligan, L.N. Association of mitochondrial dysfunction
and fatigue: A review of the literature. BBA Clin. 2014, 1, 12-23. [CrossRef]

Brocardo, P.S.; Gil-Mohapel, J.; Christie, B.R. The role of oxidative stress in fetal alcohol spectrum disorders. Brain Res. Rev. 2011,
67,209-225. [CrossRef]

Bhatia, S.; Drake, D.M.; Miller, L.; Wells, P.G. Oxidative stress and DNA damage in the mechanism of fetal alcohol spectrum
disorders. Birth Defects Res. 2019, 111, 714-748. [CrossRef]

De La Monte, S.; Wands, J. Chronic gestational exposure to ethanol impairs insulin-stimulated survival and mitochondrial
function in cerebellar neurons. Cell. Mol. Life Sci. 2002, 59, 882-893. [CrossRef]

Bukiya, A.N. Fetal Cerebral Artery Mitochondrion as Target of Prenatal Alcohol Exposure. Int | Environ Res Public Health 2019,
16, 1586. [CrossRef]

Soscia, S.J.; Tong, M.; Xu, X.J.; Cohen, A.C.; Chu, J.; Wands, ].R.; De La Monte, S.M. Chronic gestational exposure to ethanol causes
insulin and IGF resistance and impairs acetylcholine homeostasis in the brain. Cell. Mol. Life Sci. 2006, 63, 2039-2056. [CrossRef]
Xu, J.; Yeon, J.E.; Chang, H.; Tison, G.; Chen, G.J.; Wands, J.; de la Monte, S. Ethanol Impairs Insulin-stimulated Neuronal Survival
in the Developing Brain. J. Biol. Chem. 2003, 278, 26929-26937. [CrossRef]

Kim, I.; Lemasters, ].]. Mitochondrial degradation by autophagy (mitophagy) in GFP-LC3 transgenic hepatocytes during nutrient
deprivation. Am. J. Physiol. Physiol. 2011, 300, C308—C317. [CrossRef]

Kim, I.; Rodriguez-Enriquez, S.; Lemasters, ].J. Selective degradation of mitochondria by mitophagy. Arch. Biochem. Biophys. 2007,
462, 245-253. [CrossRef]

Davis-Anderson, K.L.; Wesseling, H.; Siebert, L.M.; Lunde-Young, E.R.; Naik, V.D.; Steen, H.; Ramadoss, ]. Fetal regional brain
protein signature in FASD rat model. Reprod. Toxicol. 2018, 76, 84-92. [CrossRef] [PubMed]

Li, J.; Kim, S.G,; Blenis, J. Rapamycin: One Drug, Many Effects. Cell Metab. 2014, 19, 373-379. [CrossRef]

Goodlett, C.R.; Peterson, S.D. Sex Differences in Vulnerability to Developmental Spatial Learning Deficits Induced by Limited
Binge Alcohol Exposure in Neonatal Rats. Neurobiol. Learn. Mem. 1995, 64, 265-275. [CrossRef]

Johnson, T.B.; Goodlett, C.R. Selective and enduring deficits in spatial learning after limited neonatal binge alcohol exposure in
male rats. Alcohol. Clin. Exp. Res. 2002, 26, 83-93. [CrossRef] [PubMed]

Dursun, I; Jakubowska-Dogru, E.; Elibol-Can, B.; Van Der List, D.; Chapman, B.; Qi, L.; Berman, R.E. Effects of early postnatal
alcohol exposure on the developing retinogeniculate projections in C57BL /6 mice. Alcohol 2013, 47, 173-179. [CrossRef]

Lin, J.; Liu, L.; Wen, Q.; Zheng, C.; Gao, Y.; Peng, S.; Tan, Y.; Li, Y. Rapamycin prevents drug seeking via disrupting reconsolidation
of reward memory in rats. Int. |. Neuropsychopharmacol. 2013, 17, 127-136. [CrossRef] [PubMed]

Vogel, KR.; Ainslie, G.R.; Gibson, K.M. mTOR inhibitors rescue premature lethality and attenuate dysregulation of GABAer-
gic/glutamatergic transcription in murine succinate semialdehyde dehydrogenase deficiency (SSADHD), a disorder of GABA
metabolism. J. Inherit. Metab. Dis. 2016, 39, 877-886. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0092649
http://doi.org/10.1515/BC.2009.033
http://doi.org/10.1186/1756-6606-4-29
http://www.ncbi.nlm.nih.gov/pubmed/21736737
http://doi.org/10.1186/1472-6882-2-10
http://doi.org/10.1007/BF00783755
http://doi.org/10.1155/2014/360438
http://doi.org/10.1155/2015/898393
http://doi.org/10.4306/pi.2016.13.6.616
http://www.ncbi.nlm.nih.gov/pubmed/27909452
http://doi.org/10.1073/pnas.94.2.514
http://www.ncbi.nlm.nih.gov/pubmed/9012815
http://doi.org/10.1016/j.mad.2008.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18374390
http://doi.org/10.1096/fasebj.14.2.407
http://doi.org/10.1016/j.bbacli.2014.04.001
http://doi.org/10.1016/j.brainresrev.2011.02.001
http://doi.org/10.1002/bdr2.1509
http://doi.org/10.1007/s00018-002-8475-x
http://doi.org/10.3390/ijerph16091586
http://doi.org/10.1007/s00018-006-6208-2
http://doi.org/10.1074/jbc.M300401200
http://doi.org/10.1152/ajpcell.00056.2010
http://doi.org/10.1016/j.abb.2007.03.034
http://doi.org/10.1016/j.reprotox.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29408587
http://doi.org/10.1016/j.cmet.2014.01.001
http://doi.org/10.1006/nlme.1995.0009
http://doi.org/10.1111/j.1530-0277.2002.tb02435.x
http://www.ncbi.nlm.nih.gov/pubmed/11821658
http://doi.org/10.1016/j.alcohol.2012.12.013
http://doi.org/10.1017/S1461145713001156
http://www.ncbi.nlm.nih.gov/pubmed/24103337
http://doi.org/10.1007/s10545-016-9959-4
http://www.ncbi.nlm.nih.gov/pubmed/27518770

Int. J. Mol. Sci. 2021, 22, 7083 16 of 16

72.

73.

74.

McAllister-Williams, R.H.; Bertrand, D.; Rollema, H.; Hurst, R.S.; Spear, L.P; Kirkham, T.C.; Steckler, T.; Capdevielle, D.;
Boulenger, J.-P.; Hoschl, C.; et al. Passive Avoidance. In Encyclopedia of Psychopharmacology; Springer Science and Business Media
LLC: Berlin/Heidelberg, Germany, 2010; pp. 960-967.

Paydar, M.].; Zakeri, M.; Norouzi, A.; Rastegar, H.; Mirazi, N.; Dehpour, A.R. Involvement of nitric oxide in granisetron improving
effect on scopolamine-induced memory impairment in mice. Brain Res. 2012, 1429, 61-71. [CrossRef] [PubMed]

Porsolt, R.D.; Anton, G.; Blavet, N.; Jalfre, M. Behavioural despair in rats: A new model sensitive to antidepressant treatments.
Eur. J. Pharmacol. 1978, 47, 379-391. [CrossRef]


http://doi.org/10.1016/j.brainres.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/21875703
http://doi.org/10.1016/0014-2999(78)90118-8

	Introduction 
	Results 
	Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration during PND4–9 on Fear Learning and Memory as Measured in the PA Test in Adult (PND60/61) Male Rats 
	Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration during PND4–9 on Depressive-Like Behavior as Measured in the FST Test in Adult (PND65) Male Rats 
	Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration during PND4–9 on Locomotor Activity in Adult (PND59) Male Rats 
	Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration (PND4–9) on LPO Concentration in the Hippocampus and Prefrontal Cortex of Adult (PND65) Male Rats 
	Influence of Rapamycin, Torin-2, and FK-506 Pre-Treatment before Ethanol Administration (PND4–9) on AP Site Levels in the Hippocampus and Prefrontal Cortex of Adult (PND65) Male Rats 

	Discussion 
	Rapamycin Prevents Ethanol-Induced Fear Learning and Memory Impairments 
	Rapamycin Prevents Ethanol-Induced Depressive-Like Behavior 
	Rapamycin Prevents Ethanol-Induced LPO and Oxidative DNA Damage 
	Potential Mechanism 

	Materials and Methods 
	Animals 
	Drugs and Neonatal Treatment 
	Experiments 
	Passive Avoidance (PA) 
	Forced Swim Test (FST) 
	Locomotor Activity (LA) 
	Determination of Biochemical Parameters 
	Determination of DNA Oxidative Damage 

	Statistical Analyses 

	Conclusions 
	References

