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Abstract: Alcohol is one of the most used legal drugs abused worldwide, and its consumption is
associated with high mortality and morbidity rates. There is an increasing concern about the starting
age of consumption of this drug since it has become evident that it is at younger ages. The so-called
“pattern of consumption by binge” corresponds to ingesting large amounts of alcohol in a short period
and is the most popular among young people. Previous studies show that alcohol causes damage in
different areas, such as the hippocampus, hypothalamus, and prefrontal cortex, and adolescents are
more susceptible to alcohol toxicity. Alcohol inhibits the membrane glutamate receptor, NMDA-type
glutamate receptors (NMDAR). Using a binge-like alcohol administration protocol in adolescent
rats (PND25), we investigate decision making through the attentional set-shifting test (ASST) and
alterations in the NMDAR signaling in related areas. We observe an impairment in executive function
without alterations in NMDAR abundance. However, binge alcohol changes NMDAR signaling and
decreases quantity in the synapse, mainly in the hippocampus and hypothalamus. We suggest that
prefrontal cortex impairment could arise from damaged connections with the hippocampus and
hypothalamus, affecting the survival pathway and memory and learning process.
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1. Introduction

Alcohol is the most common licit substance, and its excessive consumption is the third
cause of death worldwide [1] through injuries (including road traffic injuries), cardiovas-
cular diseases, and cancer. Also, alcohol causes mental health conditions like depression
and anxiety disorders [2,3]. The annual consumption during 2016 was equal to 6.4 L of
pure alcohol per person aged 15 years or older worldwide, which implies using 13.9 g of
pure alcohol per day [2]. Young people between 15 and 24 years present mainly a troubling
pattern of alcohol consumption known as “binge drinking” [2,4]. According to the National
Institute on Alcohol Abuse and Alcoholism [5], “binge drinking” refers to alcohol consump-
tion that brings the blood alcohol concentration (BAC) to 0.08 g/dL. This value is reached
by consuming five or more drinks in males or four or more in females in a time window of
2 h [6,7]. That type of alcohol drinking has short and long-term problems for the adolescent,
like intoxication, depression [8], social rejection [9], and other neuronal alterations, like
reduction in the volume of the grey matter and decrease in white matter integrity [10].
During childhood and adolescence, the brain undergoes several maturation processes that
require neurotransmission changes and synaptic plasticity related to structural modifi-
cations in different brain regions [11–14]. Some studies reported smaller hippocampal
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volume, lower neuronal activity (measured as the blood-oxygen-level-dependent (BOLD)
activation in MRI) at baseline in frontal, temporal, and parietal cortices [15], and alterations
in connectivity between frontal and limbic regions [10]. Also, the neuroendocrine function
during puberty is altered by alcohol [16].

Among brain areas affected by alcohol are found in the hypothalamus, the hippocam-
pus, and the prefrontal cortex [17]. Briefly, The hypothalamus (Ht) is located in the fore-
brain [18], and one of its primary functions is the regulation of pituitary hormones, fluid
balance, stress control, and others [19,20]. Some studies show that alcohol produces a
similar response to stress in the hypothalami–pituitary–adrenal (HPA) axis, providing a
behavioral and emotional response [21]. The hippocampus (Hc) is located in the medial
temporal lobe [22], and it is crucial for long-term declarative memory, spatial memory,
recognition memory, and short-term memory [22–24], and alcohol induces cognitive im-
pairment in spatial processing tasks [25,26]. The medial prefrontal cortex (mPFC) has four
divisions: two dorsal regions that play a role in motor behavior, and two ventral areas
that are related to emotional, cognitive, and mnemonic processes [27], and it is related
to alcohol-seeking behavior [28]. Evidence shows that those areas are connected through
neuronal circuits and fiber projections. Indeed, there are established connections between
Hc and PFC, Ht and PFC, and Ht and Hc [27,29,30].

mPFC is a zone of the brain where all inputs are processed to generate a complete
evaluation of them. It is responsible for executive functions necessary for appropriately
controlling the behavior. Those executive functions include attention control, inhibition of
control, working memory, and all those functions that help to concentrate on a specific task
or process, generating a final output [31,32]. Additionally, the mPFC is involved in a process
called decision making. Decision making requires the evaluation of costs and benefits to
see which option is better long-term [33]. Decision making is heavily affected by alcohol
abuse. It impacts behavioral learning and its associated cellular signaling, producing a
weak ventromedial PFC activity [34].

The brain circuits that control these processes communicate within the circuit (for
example, CA3-CA1 synapses in the hippocampus) and between different nuclei. This
communication is carried out through various neurotransmitters, among which glutamate
appears prominently. Glutamatergic transmission is controlled, among others, by ionotropic
receptors, within which communication through N-methyl-D-aspartate receptor (NMDAR)-
type mediates critical processes of synaptic plasticity and long-term memory. [35,36]. The
NMDAR is located in the postsynaptic density (PSD) and extrasynaptic domains, where
its localization is regulated by phosphorylation. One mark of PSD positioning is the phos-
phorylation of tyrosine 1472 in the GluN2B subunit [37], produced by Fyn kinase. The
dephosphorylation of this residue triggers NMDAR endocytosis and is driven by Striatal-
enriched tyrosine phosphatase (STEP) [38]. STEP protein displays several isoforms, and the
best characterized is STEP61, a membrane-associated protein located in the postsynaptic
density of neurons. As a result of excitotoxic stimuli and the elevated levels of calcium,
STEP61 is cleaved by calpain to STEP33, inactivating it [39]. The signaling downstream
of synaptic NMDAR involves multiple proteins with a consequent pro-survival and
anti-apoptotic gene expression. This response includes the phosphorylation and, con-
sequently activation of ERK1/2 and the transcription factor CREB, and other signaling
proteins [40,41]. But beyond the particular molecular mechanisms, glutamate receptors
containing the GluN2B subunit have been implicated in a series of complex processes at the
level of synaptic connectivity [42], with a particularly relevant role in memory and learning
processes [43].

We have previously shown that our binge-like alcohol administration model affects the
hippocampal synaptic transmission and recognition memory but not spatial memory [25].
Recognition memory requires a subject to remember that an item was associated with a
particular place, memory judgments, and decision making. So, the recognition memory
was related to the hippocampus and medial prefrontal cortex functions [44]. As we know
that alcohol mimics the effects of stress in hypothalamic function and stress-impaired



Stresses 2024, 4 3

decision making [45,46], we believe that mPFC function and decision making could be
impaired by binge-like alcohol administration through the impaired interplay between
Hp, Ht, and mPFC. To tackle this idea, we evaluate decision making and mPFC function
through attention tests and evaluate NMDAR signaling, a known player in neuron survival,
in mPFC, Hp, and Ht.

2. Results

We have previously shown that adolescent binge-like alcohol treatment impaired
recognition memory in novel object recognition test (NOR) and social interaction test, but
spatial memory remains unchanged compared to sham animals [25]. So, we decided to
evaluate the decision making involving prefrontal cortex function. The ASST consists of
seeking and learning where a hidden reward is. To perform this task, two bowls containing
different mediums and odors are presented to the rats, who are trained to look for the
reward hidden inside the bowl. Rats must learn where the reward is depending on the
medium and/or odors present. The ASST consists of different stages where the medium
and odors are changed to measure different learning and memory skills such as memory
flexibility and shift attention (Figure 1A) [47]. Before starting the ASST, the rats completed
the habituation phase that included digging establishment and exploratory digging in the
testing apparatus. The test was performed for digging establishment until rats correctly
dug and found the reward for 12 non-consecutive trials. Thus, we quantified the number
of trials needed to reach the criterion. The results are shown in Figure 1B, and there was
no difference between sham and BEP animals. Then, rats were submitted to different
stages of the ASST test. In this case, the criterion was six consecutive successful trials,
where the number of trials to reach the criterion (Figure 1C) and the number of errors
(Figure 1D) were measured. The effect of binge-like alcohol administration on adolescent
rats is that BEP animals need more trials to reach the criterion than sham rats. Still, it only
showed a difference in the CD reverse stage (t-test, t(9) = 2.361, p = 0.0094, Figure 1C). There
was a difference in the number of errors when rats had to choose the bowl to receive the
reward; the BEP group had more erroneous trials than the sham group (t-test, t(57) = 2.961,
p = 0.0045, Figure 1D). The final graph shows that rats needed more trials to reach the
criterion in the extradimensional discrimination (ED) stage than the trials they needed to
finish the intra-dimensional discrimination (ID) stage. Also, the BEP group needed more
trials than the sham group to finish ED (Figure 1E). These results indicate mild cognitive
impairment in prefrontal cortex function after binge-like alcohol administration.

We analyze the NMDAR signaling pathway to evaluate the neuron function involved
in synaptic plasticity and neuronal survival [48]. It is well established that NMDAR is one
of the molecular targets of ethanol [49–51]. Thus, we evaluated NMDAR signaling and
abundance in the mPFC, Hp, and Ht synapses. We have previously shown that our binge-
like administration protocol impaired synaptic transmission in the hippocampus [25], and
we believe that NMDAR impairment could be related to ASST performance and involved
in the decision-making process.

Immunoblotting from the prefrontal cortex, hippocampi, and hypothalamic tissues
was performed on crucial signaling proteins related to NMDAR function and localiza-
tion. In the prefrontal cortex, most of the proteins analyzed remain unchanged one week
after binge-like alcohol administration, with the only exception of p-CREB (t(4) = 2.605;
p = 0.0299) (Figure 2A,B), suggesting that pro-survival signaling from the NMDARs is
reduced following alcohol binge-drinking in adolescent rats in the main brain area re-
lated in the ASST performance. In the hippocampus, STEP61 showed a significant de-
crease (t(4) = 2.044; p = 0.05) while STEP33 remained unchanged (t(4) = 0.1709; p = 0.4363)
(Figure 2C,D). The Fyn kinase also showed a decreasing trend (t(4) = 1.652; p = 0.087)
(Figure 2C,D), indicating the possibility that NMDA receptors have been taken away from
the synapse. Concerning signaling proteins downstream of synaptic NMDAR activation,
p-CREB was reduced (t(4) = 4.598; p = 0.005), while ERK proteins remain unchanged
(t(4) = 0.6951; p = 0.2626) (Figure 2C,D). Finally, in the hypothalamus, the levels of the
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cleavage product of the phosphatase STEP (STEP33) increased one week after binge-like
protocol (t(4) = 2.402; p = 0.0371), although the levels of the active isoform 61 (STEP61)
remains unaltered (t(4) = 0.6703; p = 0.2697) (Figure 2E,F). In the same line, the kinase Fyn
showed decreased levels (t(4) = 3.199; p = 0.0165) (Figure 2E,F), suggesting that the NMDA
receptor could be removed from the synapse. Furthermore, we analyzed two proteins
related to NMDAR signaling the phosphorylated form of ERK (ERK1 Thr202/Tyr204 and
ERK2 Thr185/Tyr187) and CREB (Ser133) and found that p-ERK (t(4) = 5.631; p = 0.0024)
and p-CREB (t(4) = 2.332; p = 0.04) both decreased compared to control animals (Figure 2E,F).
These results may indicate a reduced function of synaptic NMDA receptors one week after
binge-like alcohol administration in adolescent rats in brain areas that could affect mPFC
function and ASST performance.
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Figure 1. Adolescent alcohol effects on attentional set-shifting task. (A) Representative drawing
of ASST. (B) Mean trials to reach the criteria on the training period. (C) The number of mean total
trials to reach the criterion of association learning. Abbreviations: SD, simple discrimination; CD,
compound discrimination; CD RV, compound discrimination reversal; ID, intradimensional shift;
ID REV, intradimensional shift reversal; ED, extradimensional shift; ED REV: extradimensional shift
reversal. (D) Mean of total errors before reaching the criterion. (E) Comparison between mean
total trials to reach the ID and ED stages criterion. All tests were performed one week after ethanol
treatment. * p < 0.05, two-way ANOVA, t-test. N = 5.

Then, we wanted to assess if, effectively, there are fewer NMDA receptors in the
synapses of the animals treated with binge-like alcohol administration. To test this, we
performed synaptosomal isolation from brain tissue: hypothalamus, hippocampus, and
prefrontal cortex. The synaptosomal fractions were treated with Triton buffer to isolate
PSD fractions, and we analyzed the presence of the GluN2B subunit of the NMDA receptor
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in these PSD fractions. As Fyn kinase and STEP phosphatase act over tyrosine 1472 of the
GluN2B subunit, we expected a decrease in the amount of this receptor subunit in the PSD
fractions, which was corroborated by immunoblots (Figure 3). GluN2B was less abundant
in the PSD of the hypothalamus (t(4) = 2.020; p = 0.049) and hippocampus (t(4) = 2.508;
p = 0.0331) from BEP animals (Figure 3B–E) and remain unchanged in the prefrontal cortex
(t(3) = 0.3192; p = 0.3853) (Figure 3A,B), as we expected, given the same levels of the kinase
and phosphatase in lysates. All this evidence suggests that one week after binge-like
alcohol administration in adolescent rats decreases the number of NMDA receptors in the
synapses of the hypothalamus and hippocampus, and this phenomenon brings a decrease
in pro-survival signaling to neurons. We suggest that alcohol-induced dysfunction of the
hippocampus and hypothalamus could alter mPFC function, altering decision making.
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Figure 2. Adolescent alcohol exposure decreases NMDAR pro-survival signaling. (A,C,E) Im-
munoblot images from whole lysates from the hypothalamus (A), hippocampus (C), and Prefrontal
Cortex (E). Main regulators of GluN2B-Y1472 phosphorylation, Fyn kinase, and STEP phosphatase
were analyzed along with pERK1/2 and pCREB (Ser133) downstream effectors of synaptic NMDAR
signaling proteins. (B,D,F) Immunoblots quantification. Every protein was normalized with its
respective loading control and analyzed independently by t-test. * p < 0.05, ** p < 0.01. N = 3 rats.
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Figure 3. Adolescent alcohol exposure decreases the abundance of synaptic NMDARs. (A,C,E) Im-
munoblot images from isolated PSD fractions from the hypothalamus (A), hippocampus (C), and
Prefrontal Cortex (E). The GluN2B subunit of NMDA receptors was analyzed. (B,D,F) Immunoblots
quantification. The protein densitometry was normalized with its respective loading control and
analyzed independently by t-test. * p < 0.05. N = 3 rats.

3. Discussion

In the present study, we have shown that binge-like alcohol exposure produces changes
in ASST, a well-established cognitive task to evaluate fronto-cortical function and neu-
ropathology through assessing executive functions as cognitive flexibility [52]. We have
observed decreased NMDAR signaling and abundance in the hypothalamus and hippocam-
pus, compromising neuronal survival [53], with a slight effect on the mPFC.

These results are directly connected with the fact that alcohol produces damage in the
brain, and one of the targets is the glutamatergic receptor type NMDA, producing inhibitory
action or increasing the function depending on the type of consumption [50,54,55]. After
chronic ethanol exposure, for example, the clustering of the receptor increases, and shortly
after ethanol withdrawal, GluN2B colocalization with PSD-95 is decreased, indicating the
movement of receptors away from the PSD [56]. This background makes us think that the
effect of alcohol on glutamatergic transmission is related to the dynamics of the GluN2B
subunit of the receptor, but we certainly cannot rule out that at least part of the effect has
its origin in a change in composition where the subunit GluN2A is involved. Moreover,
recent studies have shown that binge alcohol exposure produces a series of adaptations in
the neuroendocrine circuit, specifically producing a tolerance response to stress [21].

The mPFC plays many roles in complex processing, like decision making, adaptive
responses, long-term memory, and memory of recent events (a few days ago) [57]. However,
the function of mPFC is related to other brain structures, and these connections could alter
its function. For example, the CA1 region of the hippocampus projects to the mPFC
with axon collaterals [58], so alterations in the NMDAR abundance and signaling in the
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hippocampus may affect the function and performance of the cortex in the ASST procedure.
Indeed, the information about objects and events is processed in cortical areas which project
to the hippocampus. Here, the dorsal and ventral hippocampus play different roles in
this information processing and finally project to the mPFC [52], and even a dissociation
exists between both the dorsal and ventral hippocampus in decision making [59]. It has
been described that reward-based learning lies in the correct function of the mPFC and
the dorsal hippocampus [60]. As ASST depends on the learning to dig for a reward, the
processing step in the hippocampus could be impaired in alcohol-treated rats altering the
performance in the mPFC.

Regarding this issue, we have used whole hippocampal lysates in immunoblot ex-
periments, and the evidence showed that the hippocampus plays different roles across
different circuits in the longitudinal axis [61]. For example, place cells, which decode spatial
processing, are more distributed and have lower place fields in the dorsal hippocampus,
contrary to the ventral [62]. Previous experiments suggest that the dorsal hippocampus
(a quarter of total hippocampal volume) plays a role in spatial processing [63]. Thus, we
think that further experiments could address the question of whether there are differences
in NMDAR signaling across the longitudinal axis after alcohol binge-like administration
and how it could impact mPFC function.

Recent studies have shown that binge alcohol exposure produces a series of adapta-
tions in the neuroendocrine circuit, specifically producing a tolerance response to stress.
Alcohol plays a similar response to stress in the brain [21]. Interestingly, stress affects the
function of mPFC and hippocampus [64–66], and we have shown that the hypothalamus
is the most altered brain area in our binge-like alcohol model. Thus, we suggest that
the hypothalamic stress-like response and/or hypothalamic dysfunction could alter the
performance of mPFC in the ASST task.

It is worth noting that studies in humans showed that binge drinking impairs decision
making in young students, including increasing unplanned sexual encounters, suggesting
reduced impulse control [67]. Affective decision making is also impaired in adolescent
humans considered binge drinkers, along with hyperreactivity of neural circuits revealed
by functional magnetic resonance [68]. Animal models have shown that binge drinking
in mice alters the excitability of pyramidal neurons of the PFC, impairing its functions,
such as working memory and decision making [69]. Binge drinking induces changes in the
physiology of PFC, such as alterations in the expression of corticotropin-releasing factor [70]
and neuropeptide Y [71]. Expression profiles in PFC and ventral hippocampus are also
altered in alcohol-preferring rats undergoing binge drinking treatment [72].

Therefore, mPFC function and other cognitive impairments due to binge drinking
could be explained based on changes in the electrophysiological properties of neurons and
alterations in downstream signaling pathways that modulate gene expression. Although
the signaling pathways we analyzed are relevant to the downstream signaling of NMDARs,
these effectors, including STEP 33 and 61, pERK1/2 and pCREB, are not specific to this
particular pathway. However, they are markers used for this purpose, i.e., the generation
of crosstalk with other signaling pathways may provide greater complexity to the response
system to alcohol exposure.

In this investigation, we showed that NMDAR signaling, one of the principal molec-
ular effectors in the learning process and memory, was impaired by binge-like alcohol
administration along with mild dysfunction in the executive function of mPFC. Binge-like
administration also damages other brain areas, such as the hypothalamus and the hip-
pocampus. In subsequent research, we intend to delve into the particular mechanism of the
participation of NMDARs with interventions in the receptor by genetic and pharmacologi-
cal tools. Our findings are consistent with our previous studies, which showed impairment
in recognition memory. Finally, adolescence is a critical period in brain maturation, and
we have reported brain impairment produced by alcohol. These findings could contribute
to the reduction in alcohol consumption in teenagers and avoid its detrimental effects, for
example, in the decision-making process.
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4. Materials and Methods
4.1. Animals

Adolescent male Sprague Dawley rats, postnatal day 25 (PND25), were housed in
groups of 3–4 rats per cage and maintained at 22 ◦C on a 12:12 h light–dark cycle, with
water ad libitum. Food was restricted according to the ASST procedure. Animals were
obtained from CIBEM-UC (Center for Innovation in Biomedical Experimental Models from
the Pontificia Universidad Católica de Chile). The animals were handled according to
the National Institutes of Health guidelines (NIH, Baltimore, MD, USA). The Bioethical
Committee of the Faculty of Biological Sciences of the Pontificia Universidad Católica de
Chile approved the experimental procedures (CBB-186/2014). The number of animals used
per experimental group depends on the experimental approach and is indicated in the
legend of each figure with a total of 22 animals.

4.2. Reagents and Antibodies

Ethanol was obtained from Merck Millipore (catalog number 107017). The primary
antibodies used here were mouse anti-STEP (23E5 Novus Biologicals), rabbit anti-pCREB
(Ser133) (NB100-92512, Novus Biologicals, Centennial, CO, USA), mouse anti-Fyn (15) (sc-
434; Sta. Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit anti-pERK1/2 (T204/Y202) (14-
9109-82; Invitrogen, Waltham, MA, USA), mouse anti-ERK1/2 (3F8B3; Invitrogen), mouse
anti-Tubulin (NB500-333, Novus Biologicals), rabbit anti-GluN2B subunit of NMDAR
(A6474, Invitrogen and mouse anti-PSD95 (7E3) (sc-32290; Sta. Cruz Biotechnology Inc.,
Dallas, TX, USA).

4.3. Binge-like Ethanol Protocol in Rats

Doses of ethanol (3.0 g/kg, 25% v/v mixed in isotonic saline, BEP, and binge ethanol
pretreatment) or saline solution (sham) were administrated through intraperitoneal (i.p)
injections beginning on PND25 as previously described [25,73]. A second dose was given
on PND26, followed by 2 consecutive days with gaps of 2 days without injections for two
weeks (PND25, 26, 29, 30, 33, 34, 37, and 38). The injected i.p volumes were dependent
on the weight of each animal, varying from 1 to 3 mL for both sham and BEP groups.
From a methodological perspective, our ethanol exposure model has a good level of
control regarding the consistency of the observed effects, but one of its limitations is that
the animals are not exposed to ethanol voluntarily. Other models could offer a better
approximation, with the drinking in the dark (DID) model [74], a model that we have used
for other works, we consider that the approach used in this manuscript is adequate to
analyze the parameters we propose. The maximum blood ethanol concentrations (BEC)
reach 210 ± 11 mg⁄dL at 30 min post-injection.

4.4. Attentional Set-Shifting Task (ASST)

The test followed the protocol described by Lynley [75] with modifications. Animals
were placed on a food-restricted diet for one week before the beginning of the test and
housed individually to maintain the diet. The habituation to the bowl started on the third
day of the diet, and a piece of food was gradually hidden since the fourth day to train the
rat to seek food in the bowl. The digging training was performed on the seventh day of
the diet in the home cage. After 24 h, and one day before the test, the rats were trained on
the apparatus with simple discrimination. In this stage, rats were submitted to different
trials until they accomplished the criterion of 12 non-successive successful trials. A trial
was considered successful when the rat chose the correct bowl, dug in the medium, and
obtained the reward.

After the training process, the rats were tested across seven stages of the ASST. In this
stage, rats were submitted to the trials necessary to achieve the criterion of 6 consecutive
successful trials. Both the number of trials to reach the criterion and the number of errors
were quantified. During the first stage (1), simple discrimination (SD), the rat had to choose
the texture along one dimension. In the following stages, (2) compound discrimination
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(CD), (3) reversal learning (RL) of CD discrimination (CD RV), (4) intradimensional shift
(ID), RL of ID (ID RV), and (5) extradimensional shift (ED) and RL of ED (ED RV), a second
dimension was added—the odor. This second dimension consisted of using essential oils
(Table 1) which were put in the bowl following the instructions established by Popik [47].
Briefly, the odor was introduced in the CD stage, but the reward still depended on the
medium. In the CD RV stage, odors should have been ignored, and the reward was in
the opposite medium. In the ID stage, the medium and odors were changed but the cue
was still the medium. In the ID RV stage odors should have been ignored and the reward
was changed to the opposite medium. In the ED stage, the odor was the cue to obtain the
reward, not the medium. Finally, in the ED RV stage, the opposite odor was the cue to
obtain the reward [47]. To avoid the rats learning the bowl’s position, the correct bowl’s
location was randomly assigned in every trial.

Table 1. Stimuli in the attentional set-shifting task. Odors and mediums are used for different stages
and their combination. Reward stimuli are shown in bold.

STAGE STIMULI COMBINATION

TRAINING

Digging training Corn cob bedding

TASK ODOR MEDIUM (+) (−)

SD M1 corn cob bedding M2 M1

M2 paper bedding

CD O1 ginger M1 corn cob bedding O1/M1 O2/M2

O2 cinnamon M2 paper bedding O2/M1 O1/M2

CD rev O1 ginger M1 corn cob bedding O2/M1 O1/M2

O2 cinnamon M2 paper bedding O2/M2 O1/M1

ID O3 lemon M3 cellulose bedding O3/M3 O4/M4

O4 fennel M4 rubber bedding O4/M3 O3/M4

ID rev O3 lemon M3 cellulose bedding O3/M4 O4/M3

O4 fennel M4 rubber bedding O4/M4 O3/M3

ED O5 citronella M5 gravel bedding M5/O5 M6/O6

O6 clove M6 plush bedding M6/O5 M5/O6

ED rev O5 citronella M5 gravel bedding M5/O6 M6/O5

O6 clove M6 plush bedding M6/O6 M5/O5

4.5. Western Blot

The hippocampi, medial prefrontal cortex, and hypothalamus of treated or control
animals were dissected on ice and immediately processed. Briefly, the hippocampal tissue
was homogenized in RIPA buffer (25 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, and 0,1% SDS) supplemented with a protease inhibitor mixture and
phosphatase inhibitors (25 mM NaF, 100 mM Na3VO4, and 30 µM Na2P2O7). The protein
samples were centrifuged at 13,500 rpm for 15 min at 4 ◦C. The protein concentrations were
determined using the BCA Protein Assay Kit (Pierce). The samples were resolved by SDS-
PAGE, followed by immunoblotting on PVDF membranes. The membranes were incubated
with the primary antibodies and anti-mouse, anti-goat, or anti-rabbit IgG peroxidase-
conjugated antibodies (Jackson Immunoresearch, Inc., West Grove, PA, USA) and developed
using an ECL kit (Westar Sun, Cyanagen, Bologna, Italia, or Westar Supernova, Cyanagen.
Bologna, Italia).
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4.6. PSD Isolation

Tissues were homogenized in buffer A containing 5 mM Hepes, pH 7.4, and 320 mM
sucrose supplemented with protease and phosphatase inhibitor mixture. Cell debris was
removed by centrifugation for 10 min at 1000× g (P1). The supernatant (S1) was centrifuged
for 20 min at 20,000× g, obtaining S2 (cytosol and microsomes) and P2 fractions. P2 pellet
was resuspended in Triton buffer (20 mM HEPES, 100 mM NaCl, 0.5% Triton X-100, pH
7.2) and rotated slowly for 30 min at 4 ◦C. Once incubated, samples were centrifugated at
12,000× g for 20 min to obtain PSD (pellet) and extrasynaptic (supernatant) fractions. PSD
fraction was resuspended in Triton buffer containing protease and phosphatase inhibitor
mixture. All manipulations were carried out on the ice or at 4 ◦C; samples were stored at
−80 ◦C until use. Protein concentration was quantified and analyzed via Western blot.

4.7. Analysis

The images were loaded into ImageJ software. 1,5 (NIH) for densitometry analysis
via Western blot. The results are presented as graphs depicting the mean ± standard
error. According to the experiment, statistical significance was determined using one-way
ANOVA with Tukey’s post-test, Student’s t-test, or two-way ANOVA with Bonferroni’s post-
test. p values > 0.05 and ≤0.05 were regarded, respectively, as not statistically significant
(n.s) and statistically significant (*). All statistical analyses were performed using Prism
software, version 5.01 (GraphPad Software, Inc., Boston, MA, USA).
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