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Oleoylethanolamide is an endogenous NAE that modulates ethanol-seeking behavior
and ethanol-induced neuroinflammation. In the present study we further analyze the
role of OEA in hippocampal neurogenesis, BDNF-ERK signaling, and spatial memory
that are affected by alcohol. Additionally, we addressed the effects of OEA on
the association of alcohol and cannabis, a frequent combination in human alcohol
addicts, and whose long-term effects are far from being understood. To this end,
OEA (10 mg/kg/day, i.p.) was pharmacologically administered for 5 days/week in a
preclinical model of adolescent rats with binge-like consumption (1 day/week) of ethanol
(3 g/kg, i.g.) combined or not with acute administrations of 19-THC (5 mg/kg, i.p.)
for 5 weeks. OEA restored ethanol/THC-related decreases in both short-term spatial
memory (spontaneous alternation by Y-maze) and circulating levels of BDNF, reduced
cell proliferation (Mki67 and IdU+ cells) and maturation (Dcx, Calb1), and improved
cell survival (Casp3 and BrdU+ cells) in the dorsal hippocampus. Interestingly, OEA
alone or combined with THC also decreased the mRNA levels of neurotrophic factors
(Bdnf, Ntf3) and the NT3 receptor TrkC, but increased the BDNF receptor TrkB in
the hippocampus of ethanol-exposed rats. These effects were likely associated with
a OEA-specific phosphorylation of AKT and ERK1, key signaling regulators of cell
proliferation and survival. These results suggest a regulatory role of OEA in short-term
spatial memory and hippocampal neurogenesis through BDNF/AKT/ERK1 signaling in
response to acute THC in an alcoholic context during adolescence.

Keywords: alcohol, brain-derived neurotrophic factor, ERK, hippocampus, memory, oleoylethanolamide

INTRODUCTION

The excessive consumption of alcohol is associated with alterations in brain physiology, structure
and function. The effects of alcohol are concentration-dependent and the patterns of excessive
alcohol intake, such as binge drinking, are becoming predominant, especially in young drinkers.
Alcohol binge drinking is defined as the pattern of consumption that increases the blood alcohol
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concentration above 80 mg/dL, which occurs after a consumption
of about 56–70 g of pure alcohol in ≤2 h (NIAAA, 2004; Pilatti
et al., 2017). At early ages, exposure to alcohol binges increases
subsequent alcohol intake during adolescence, but not adulthood
(Fabio et al., 2014). Alcohol intake initiation in binge episodes
may induce long-lasting consequences in the adult brain and
increases lifetime risks of developing adult psychopathology,
particularly alcohol use disorders (AUD) (Crews et al., 2016).
Alcohol-induced neurodegeneration is associated with changes in
neuronal processes such as apoptosis and neuronal proliferation
and maturation (Nixon and Crews, 2004).

A relevant issue when considering the impact of alcohol
abuse on brain development and function is its association
with the consumption of additional psychoactive drugs, mainly
cannabis. It is well-known that 19-tetrahydrocannabinol (THC),
the primary psychoactive component of cannabis, has an impact
on brain development and function, and short term-memory
deficits induced by THC have been well documented (Iversen,
2003). A potential brain area where alcohol and cannabis might
converge is the hippocampus, a place notably affected by acute
and chronic alcohol exposure. The mammalian hippocampus
is a brain region strongly related to memory processes and
adult neurogenesis (Moreno-Jiménez et al., 2019). It contains
a high density of cannabinoid CB1 receptors (Rivera et al.,
2014), the main target of THC, suggesting that this area is an
important locus for cannabinoid effects on learning and memory
(Varvel and Lichtman, 2005). Both acute and chronic exposure to
cannabis are associated with dose-related cognitive impairments,
affecting different cognitive areas, especially attention, working
memory, verbal learning, and memory functions (Zanettini et al.,
2011) and humans (Solowij and Battisti, 2008).

Several endogenous mechanisms capable of counteracting
alcohol-induced damage have been identified. Among them,
OEA is a promising lipid transmitter capable of counteracting
both alcohol-induced neuroinflammation (Antón et al., 2017)
and alcohol seeking behavior (Bilbao et al., 2016). OEA belongs to
a NAE family involved in the regulation of multiple physiological
functions such as feeding behavior, addiction, and cancer cell
proliferation (Sihag and Jones, 2018; Zhao et al., 2018). The roles
of OEA are mediated primary by the peroxisome proliferator-
activated receptor alpha (Orio et al., 2013) and other targets such
as the transient receptor potential vanilloid type-1 or the orphan
G protein-coupled receptors 119 and 55 (Antón et al., 2017).
Recent preclinical evidence indicated that OEA is involved in
homeostatic protective mechanisms in response to alcohol abuse
(Bilbao et al., 2016). OEA is released after alcohol administration
in rodents, and its exogenous administration regulates alcohol

Abbreviations: 9-THC, delta-9-tetrahydrocannabinol or dronabinol; AKT
(pAKT), protein kinase B (phosphorylated); BDNF/Bdnf, brain-derived
neurotrophic factor; BrdU, 5-bromo-2′-deoxyuridine; Calb1, calbindin; Casp3,
caspase 3; dcx, doublecortin; ERK1/2 (pERK1/2), extracellular signal-regulated
kinases 1/2 or MAP kinases 1/2 (phosphorylated); gcl, granular cell layer of
dentate gyrus; IdU, 5-iodo-2-deoxyuridine; Lngfr, low-affinity nerve growth factor
receptor; Mki67, antigen KI-67; ml, molecular layer of dentate gyrus; NCAM,
neural cell adhesion molecule; Ntf3, neurotrophin-3; OEA, oleoylethanolamide;
PCL, polymorphic cell layer of dentate gyrus; SGZ, subgranular zone of the
dentate gyrus; Sox2, sex determining region Y (SRY)-box 2; Str, striatum; TrkB,
tropomyosin receptor kinase B; TrkC, tropomyosin receptor kinase C.

relapse and reduces several withdrawal symptoms of alcohol
(Bilbao et al., 2016; Antón et al., 2017). A recent study of our
group described that plasma concentrations of OEA are increased
in abstinent patients diagnosed with AUD, suggesting that OEA
may act as a potential biomarker for predicting length of alcohol
abstinence (García-Marchena et al., 2017a). Neuroprotective
and anti-inflammatory profiles of OEA are not restricted to
alcohol, but also demonstrated in animal models of neurological
disorders, such as Parkinson’s disease or brain ischemia (Zhou
et al., 2012; Gonzalez-Aparicio et al., 2014).

Neurotrophic factors, specially the BDNF, constitute another
endogenous mechanism involved in alcohol effects (Silva-
Peña et al., 2018). Neurotrophic factors are a family of
peptides and small proteins involved in a variety of adaptive
functions in the developing and mature brain, particularly
neuronal growth, differentiation, survival, synaptic plasticity,
and the formation of long-lasting memories and behavioral
consolidation (Lu et al., 2014). BDNF mainly binds to the
high-affinity receptor tyrosine kinase tropomyosin-related kinase
B (TrkB) and initiates an intracellular downstream signaling,
thereby recruiting transcriptional and translational mechanisms
via the MAP kinase ERK1/2 and phosphoinositol 3-kinase
(PI3K) pathways (Huang and Reichardt, 2003). BDNF-TrkB
signaling system and ERK downstream effectors on transcription
are highly implicated in cell cycle, cell phenotype decisions,
postmitotic activities, and synaptic plasticity (Bodart, 2010;
Roskoski, 2012). These processes are highly involved in the
formation of learning and memory in the hippocampus (Andero
et al., 2014). Optimal functioning of the BDNF-TrkB-ERK
signaling may be a susceptibility factor for developing and
maintaining poor recovery from impaired memory and altered
hippocampal functions. Recent clinical studies have shown that
circulating levels of BDNF are decreased in abstinent patients
diagnosed with AUD (García-Marchena et al., 2017b). Moreover,
reduced BDNF levels in the plasma of alcohol-dependent patients
correlated with severe scores of cognition deficits, whereas
chronic consumption and reinstatement of ethanol in adolescent
rats was associated with lower plasma levels of BDNF, as well
as with decreases in Bdnf mRNA levels, phosphorylated ERK2
levels and neurogenic responses (Mki67, Sox2, Dcx, Ncam1,
and Calb1) in the hippocampus (Silva-Peña et al., 2018).
These neurogenesis-related factors are implicated in the correct
hippocampal functioning like cellular proliferation, maintenance
of neural stem cells and neuronal precursor cells, and neurite
outgrowth including humans (Knoth et al., 2010; Moreno-
Jiménez et al., 2019). Besides, a negative correlation between
hippocampal Bdnf mRNA levels and recognition memory was
found under an alcoholic context (Silva-Peña et al., 2018).

Thus, here the main hypothesis under test was that OEA
regulates BDNF signaling in a model of adolescent rats
exposed to ethanol and THC. The homeostatic role for
OEA has not been still explored in hippocampal functioning
related to neurogenesis, BDNF-ERK signaling and memory that
become notably altered by alcohol and partially affected by
cannabinoid activation. Using a multi-disciplinary approach and
a pharmacological administration of OEA (10 mg/kg/day, i.p.)
for 5 days/week in a rat model of binge-like consumption
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(1 day/week) of ethanol (3 g/kg, i.g.) together with acute
administrations of 19-THC (5 mg/kg, i.p.) for 5 weeks during
adolescence, we explored the effects of OEA treatment on
(1) spatial memory-like behavior, (2) mRNA expression of
components of the neurotrophic –BDNF/NT3– system, (3)
phosphorylation of intracellular protein kinases (AKT, ERK),
and (4) cell proliferation, maturation, and survival in the
dorsal hippocampus.

MATERIALS AND METHODS

Ethics Statement
Experiments and procedures were conducted under strict
adherence to the European Directive 2010/63/EU on the
protection of animals used for scientific purposes and with
Spanish regulations (RD 53/2013 and 178/2004). All efforts were
made to minimize unnecessary suffering. All protocols were
approved by the Ethics and Research Committee of Universidad
de Málaga (CEUMA, 7-2016-A).

Subjects
Animal studies were conducted on 5 to 10-weeks-old male
Wistar rats (Charles River Laboratories, Barcelona, Spain)
weighing ∼100 g at the beginning of the experiments. Rats
were individually housed in clear plastic cages in a vivarium
under standard controlled conditions: a 12-hour light/dark cycle
(lights off at 8:00 pm.), ambient temperature (21 ± 2◦C) and
humidity (65 ± 5%); at the Animal House Centers of University
of Málaga (Spain). Unless otherwise indicated, tap water and food
(Purina chow) were available ad libitum throughout the course
of these studies.

Ethanol Binge Exposure
This experimental model was designed to mimic the 1-day
heavy drinking of the adolescent population. The experimental
model and treatments were performed twice to constitute
two batches. Young rats (n = 80) were firstly habituated to
the experimental conditions, including handling and injection
procedures (holding and pseudo-injection) during one week

before the experimentation in order to minimize stress effects
(Sánchez-Marín et al., 2017). Then, from PND34 to PND69, four
groups of rats were weekly (on Friday) exposed to single binge
intragastric (i.g.) administrations of 25% (v/v) ethanol (3 g/kg)
for five consecutive weeks (Figure 1).

Drug Administration
Three groups of ethanol binge-exposed rats were treated
with the principal psychoactive constituent of cannabis 19-
tetrahydrocannabinol (THC or dronabinol; THC Pharm GmbH,
Frankfurt am Main, Germany) and/or the endogenous PPARα

receptor agonist oleoylethanolamide (OEA; cat. no. 1484, Tocris,
Abingdon, United Kingdom). THC were dissolved in a solution
containing 25% (v/v) ethanol in sterile 0.9% NaCl solution.
OEA were dissolved in a vehicle containing 10% (v/v) Tween80
in sterile 0.9% NaCl solution. Both drugs were prepared just
before each administration, and they were intraperitoneally (i.p.)
injected in a final volume of 1 mL/kg of body weight. The optimal
dose at which treatment would be more effective in behavior
and neuroprotection, as described previously (Piomelli et al.,
2006; Galan-Rodriguez et al., 2009; Murphy et al., 2017), was
selected for the present study. Two groups of ethanol binge-
exposed rats were treated with 5 mg/kg of THC once per
week (on Friday), just before ethanol i.g. administration, for
five consecutive weeks. Two groups of ethanol binge-exposed
rats were treated with 10 mg/kg of OEA, 48 h after THC
and/or ethanol administrations, 5 days per week (from Sunday to
Thursday) for five consecutive weeks. Thus, total sample (n = 40
per batch, n = 8/group) was divided into five groups (Figure 1):
Saline-Vehicle, Ethanol-Vehicle, Ethanol-OEA, Ethanol-THC,
and Ethanol-OEA-THC.

BrdU and IdU Administration
5-bromo-2′-deoxyuridine (BrdU; cat. no. B5002, Sigma-Aldrich,
St. Louis, MO, United States) and 5-iodo-2′-deoxyuridine (IdU;
cat. no. I7125, Sigma-Aldrich) were dissolved at a concentration
of 15 mg/mL in sterile 0.9% NaCl solution. To assess cell survival,
all rats were treated with BrdU at a dose of 50 mg/kg (i.p.) for
five consecutive days during the third week of experimentation

FIGURE 1 | Time line of the experimental design for a rat model of binges-like orally ethanol consumption (3 g/kg, 1 day/week) together with i.p. administration of
THC (5 mg/kg, 1 day/week) and i.p. administration of OEA (10 mg/kg, 5 days/week) for 5 weeks during adolescence (PND34-69). The experiment also included
BrdU (50 mg/kg) and IdU (57.6 mg/kg) administrations for 5 days after week 2 and 5, respectively, and the behavioral Y-maze test in week five.
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(Rivera et al., 2015). To assess cell proliferation, IdU were
administered at a dose of 57.65 mg/kg (i.p.) for five consecutive
days after the fifth week of experimentation (Figure 1).

Y-Maze Test
The effect of ethanol alone and combined with THC and/or OEA
on short-term memory was evaluated using a Y-maze during the
fifth week of experimentation. The maze has three interconnected
closed arms, each one of them is 120◦ from the adjacent. The
animal was placed into the middle of the maze and was allowed
to freely explore the maze for 5 min. The movement of the animal
inside the Y-maze was recorded by an overhead camera. The arms
were thoroughly cleaned with a disinfectant solution with 70%
ethanol and drying napkins to eliminate any residual odors of
previous rats. Tests were performed 10 min after cleaning and
30 min after vehicle or OEA administrations. The number of arm
entries were counted and acted as a marker of locomotor activity.
The number of spontaneous alternations, as defined by entry
into three different arms in sequence (triad), serves as a measure
of short-term working memory. Percentage of spontaneous
alternations was calculated from the number of triads and arm
entries using the following equation: Y = number of triads / (total
number of arm entries-2)× 100 (Nookala et al., 2018).

Sample Collection
Previous to sacrifice, all animals were intraperitoneally
anesthetized (sodium pentobarbital, 50 mg/kg body weight)
in a room separate from the other experimental animals.

The first batch of animals (n = 8/group) were sacrificed
by decapitation and blood samples (n = 8/group) were briefly
collected into tubes containing EDTA-2Na (1 mg/mL blood)
and centrifuged (1600 g for 10 min, 4◦C). Plasma samples were
then frozen and stored at −80◦C for hormonal analysis. The
brains were also collected, snap-frozen and stored at -80◦C.
These brains were then prepared on dry ice to obtain 1-mm-
thick sections by using razor blades and a rat brain slicer matrix.
The dorsal hippocampus was precisely removed from −2.16 to
−4.20 mm of Bregma levels (Paxinos and Watson, 2007) with fine
surgical instruments. Hippocampal samples were weighed and
stored at -80◦C until they were used for real-time quantitative
reverse transcription polymerase chain reaction (RT-qPCR) and
Western Blot analyses.

A second batch of animals (n = 8/group) were perfused
transcardially with 4% formaldehyde in 0.1 M phosphate buffer
(PB) and the brains were dissected out and kept in the same
fixative solution overnight at 4◦C. The brains were then cut
into 30-µm-thick coronal sections by using a sliding microtome
(Leica VT1000S) and divided in 12 parallel series. Sections were
stored at 4◦C in PB with 0.002% (w/v) sodium azide until they
were used for immunostaining.

Enzyme-Linked Immunoassay Analysis
Plasma levels of BDNF were determined using the enzyme-
linked immunosorbent assay (ELISA) InvitrogenTM BDNF Rat
ELISA Kit (#ERBDNF, Thermo Fisher Scientific, United States),
following the manufacturer’s instructions. To perform the ELISA

protocol in rat samples, we used 25 µL of plasma. A calibration
curve and internal controls were included.

RNA Isolation and RT-qPCR Analysis
We performed RNA isolation, reverse transcription and RT-
qPCR (TaqMan, Applied Biosystem, Carlsbad, CA, United States)
as described previously (Rivera et al., 2015) using specific sets
of primer probes (see Supplementary Table S1). Briefly,
hippocampal samples were homogenized on ice and RNA
was extracted following Trizol R© method according to the
manufacture’s instruction (Gibco-BRL Life Technologies,
Baltimore, MD, United States). RNA samples were isolated with
RNeasy minElute cleanup-kit including digestion with DNase
I column (Qiagen, Hilden, Germany). After reverse transcript
reaction from 1 µg of mRNA, RT-qPCR was performed in
a CFX96TM Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, United States) and the FAM dye label format
for the TaqMan R© Gene Expression Assays (Thermo Fisher
Scientific, United States). Melting curve analysis was performed
to ensure that only a single product was amplified. Ct values were
normalized in relation to Actb levels.

Western Blot Analysis
Western blotting was performed as described previously (Silva-
Peña et al., 2018). An appropriate combination of primary
and secondary HRP-conjugated antibodies was used: Phospho-
(Thr202/Tyr204)-p44/42 MAPK (ERK1/2) rabbit polyclonal
antibody (1:1,000, Cell Signaling, #9101), p44/42 MAPK
(ERK1/2) rabbit monoclonal antibody (1:1,000, Cell Signaling,
#4695), phospho-(Thr308)-AKT1/2/3 rabbit polyclonal antibody
(1:1000, Santa Cruz, #sc-16646-R), AKT1/2/3 rabbit polyclonal
antibody (1:1000, Santa Cruz, #sc-8312), adaptin γ mouse
antibody (1:1,000, BD Biosciences, #610385) and HRP-
conjugated anti-rabbit or anti-mouse IgG (H+L) secondary
antibodies (1:10,000, Promega, Madison, WI, United States).
The membranes were incubated for 1 min with the Western
Blotting Luminol Reagent kit (Santa Cruz, CA, United States),
and the specific protein bands were visualized and quantified
by chemiluminescence using a ChemiDocTM MP Imaging
System (Bio-Rad). Western blots showed that each primary
antibody detected a protein of the expected molecular size.
The protein intensity was quantified with the image processing
software ImageJ (Rasband, W.S., ImageJ, United States, NIH1,
1997–2012). The results were expressed as the protein/adaptin γ

and phosphorylated/total protein ratios.

Immunohistochemistry
Free-floating coronal sections from −2.16 to –4.20 Bregma
levels (hippocampus) of each parallel series were selected for
each immunohistochemistry (Rivera et al., 2015). Sections were
incubated overnight in their respective following diluted primary
antibodies at 4◦C: mouse anti-BrdU (1:2,000; Hybridoma
Bank, Iowa City, IA, United States; ref. G3G4), mouse anti-
IdU (1:2000; Hybridoma Bank, ref. 32D8.D9) (Rivera et al.,
2013). Sections were incubated in the appropriate secondary

1http://imagej.nih.gov/ij
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antibody biotinylated donkey anti-rabbit IgG (1:500; Sigma-
Aldrich, #RPN1004) for 90 min The sections were incubated
in ExtrAvidin peroxidase (Sigma-Aldrich) diluted 1:2000 in
darkness at room temperature for 1 h. Immunolabeling was
revealed with 0.05% diaminobenzidine (DAB, Sigma-Aldrich),
0.05% nickel ammonium sulfate and 0.03% H2O2 in PB-saline.

Stereological Cell Quantification
5-bromo-2′-deoxyuridine and IdU-immunoreactive (+) cell
nuclei that came into focus were manually counted using a
standard optical microscope with the 40 × objective (Nikon
Instruments Europe B.V., Amstelveen, Netherlands) coupled
to the NIS-Elements Imaging Software 3.00 (Nikon). Brain
structure analyzed consisted of approximately 8 coronal sections
(from −2.16 to −4.20 mm Bregma levels), which resulted
in one of every eight equidistant sections (one representative
section for each 240 µm) according to the rostro-caudal extent.
Estimations of the number of positive cells in the hippocampal
neurogenic niche SGZ in both hemispheres were calculated
per sections (30 µm deep), according to a rat brain atlas
and cytoarchitectonic criteria (Paxinos and Watson, 2007).
Quantification was expressed as the average number of positive
cells per section for each experimental group.

Statistical Analysis
Comparisons of data were carried out using IBM SPSS Statistical
version 22 software (IBM, Armonk, NY, United States) and
GraphPad Prism version 6 software (GraphPad Software, San
Diego, CA, United States). Data are expressed as mean ± SEM
for up to 8 determinations per experimental group (see legends
in Figures 2–7). The Kolmogorov-Smirnov normality test, along
with the Levene homoscedasticity test, were used to verify
Gaussian distribution. Statistical analyses were performed using
one-way analysis of variance (ANOVA) and two-way ANOVA
(factor as OEA and THC), and Tuckey’s test corrected for
multiple comparison or simple effect analysis when appropriate.
A p-value less than 0.05 was considered statistically significant.

RESULTS

The Combined Administration of OEA
and THC During Adolescence Restored
the Ethanol-Induced Decreases in the
Plasma Levels of BDNF
Significant changes in the circulating levels of BDNF were found
(F4,35 = 10.80; p < 0.0001). Plasma levels of BDNF were decreased
in the rats exposed to ethanol compared to those of saline-
vehicle ones (∗∗∗p < 0.001) (Figure 2). Two-way ANOVA did
not indicate any significant interaction between factors (OEA and
THC), but showed main effects of OEA (F1,28 = 16.88; p = 0.0003)
and THC (F1,28 = 7.874; p = 0.009) on the plasma levels of
BDNF. OEA or THC alone partially reversed ethanol-induced
BDNF reduction in plasma, because significant differences
were still found compared to saline-vehicle ones (∗p < 0.05,
∗∗p < 0.01, respectively). The combined administration of OEA
and THC completely restored the decrease in the plasma levels

FIGURE 2 | Circulating concentrations of BDNF. Bars represent the
mean ± SEM (n = 8/group). Tukey: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs.
saline-vehicle; ###p < 0.001 vs. EtOH-vehicle; &p < 0.05 vs. EtOH-THC.

of BDNF observed in rats exposed to ethanol (###p < 0.001)
and THC/ethanol-exposed rats (&p < 0.05) (Figure 2). OEA
at a dose of 5 mg/kg/day administered for 6 consecutive
days did not modify significantly the plasma levels of BDNF
(Supplementary Figure S1).

OEA Decreases Bdnf, Ntf3, and TrkC,
and Increases TrkB in the Hippocampi of
Rats Exposed to Ethanol Binges and
THC During Adolescence
Statistical analysis indicated significant differences in the
hippocampal mRNA levels of Bdnf, Ntf3, and TrkB (F4,30 > 6.59;
p < 0.0006), but not TrkC and Lngfr. The hippocampi of rats
exposed to ethanol had higher mRNA levels of TrkB compared to
those of saline-vehicle ones (∗∗p < 0.01) (Figures 3A–E). Two-
way ANOVA indicated significant interaction between factors
(OEA and THC) in the mRNA levels of Ntf3 (F1,24 = 16.44;
p < 0.0001). A main effect of OEA on the mRNA levels of
Ntf3 was found (F1,24 = 22.49; p < 0.0001). Main effects of
THC on the mRNA levels of Bdnf (F1,24 = 41.08; p < 0.0001)
and Ntf3 (F1,24 = 20.11; p < 0.0001) were also observed. OEA
decreased hippocampal mRNA levels of Ntf3 in ethanol-exposed
rats compared to those of ethanol-vehicle rats (#p < 0.05)
and saline-vehicle rats (∗∗∗p < 0.001) (Figure 3B). THC
decreased hippocampal mRNA levels of Bdnf and Ntf3 in
ethanol-exposed rats compared to those of ethanol-vehicle rats
(#p < 0.05, ##p < 0.01) and saline-vehicle rats (∗∗p < 0.01,
∗∗∗p < 0.001) (Figures 3A,B). OEA in THC/ethanol-exposed
rats also decreased hippocampal mRNA levels of Bdnf and Ntf3,
as well as TrkC, but specifically increased mRNA levels of TrkB
compared to those of ethanol-vehicle rats (#p < 0.05, ##p < 0.01,
###p < 0.001) (Figures 3A–D). The hippocampi of THC/ethanol-
exposed rats with and without OEA administration had higher
mRNA levels of Lngfr compared to those of saline-vehicle rats
(∗∗p < 0.01) (Figure 3E).

OEA Increases the Phosphorylation of
AKT and ERK1 in the Hippocampi of Rats
Exposed to Ethanol Binges During
Adolescence
Statistical analysis indicated significant changes in the protein
levels of total and phosphorylated AKT (F4,21 > 3.60; p < 0.026),
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FIGURE 3 | Relative mRNA levels of the neurotrophic factors Bdnf (A) and Ntf3 (B), and its receptors TrkB (C), TrkC (D), and Lngfr (E) in the hippocampus. Bars
represent the mean ± SEM (n = 7/group). Tukey (A–C) or simple effect analysis (D,E): ∗∗p < 0.01, ∗∗∗p < 0.001 vs. saline-vehicle, #p < 0.05, ##p < 0.01,
###p < 0.001 vs. EtOH-vehicle, and &p < 0.05 vs. EtOH-THC.

total and phosphorylated ERK1 (F4,21 > 3.16; p < 0.040), and
total ERK2 (F4,21 = 4.14; p < 0.015) in the hippocampus.
Specifically, the hippocampi of rats exposed to ethanol had
higher total protein levels, but lower phosphorylated protein
levels of ERK1 and ERK2 compared to those of saline-vehicle
ones (∗p < 0.05) (Figures 4A–G). Two-way ANOVA did not
indicate any significant interaction between factors (OEA and
THC). Main effects of THC on the total (F1,14 = 7.14; p = 0.023)
and phosphorylated (F1,14 = 20.14; p = 0.001) protein levels
of AKT were observed. Main effects of OEA on the total
protein levels of ERK1 (F1,14 = 9.58; p = 0.011) and ERK2
(F1,14 = 7.73; p = 0.019), and phosphorylated protein levels of
ERK1 (F1,14 = 6.29; p = 0.031) were found. THC increased
total protein levels of AKT, ERK1 and ERK2 (Figures 4A,C,E),
but decreased AKT phosphorylation (Figure 4B) in ethanol-
exposed rats compared to those of saline-vehicle rats (∗p < 0.05,
∗∗p < 0.01). OEA decreased total protein levels of AKT,
ERK1, and ERK2 in ethanol-exposed rats compared to those of
ethanol-vehicle rats (#p < 0.05, ##p < 0.01) (Figures 4A,C,E).
OEA increased the phosphorylated protein levels of AKT and

ERK1 in ethanol-exposed rats compared to those of ethanol-
vehicle rats (#p < 0.05, ##p < 0.01) (Figures 4B,D). OEA
administered in THC/ethanol-exposed rats did not increase AKT
phosphorylation as significant differences were found compared
to OEA/ethanol-exposed rats (&&p < 0.01) (Figure 4B).
Contrary, the increased ERK1 phosphorylation was conserved
when OEA was administered in THC/ethanol-exposed rats
(#p < 0.05) (Figure 4D).

The Combined Administration of OEA
and THC Decreases Mki67, Dcx, Calb1,
and Casp3 in the Hippocampi of Rats
Exposed to Ethanol Binges During
Adolescence
Statistical analysis indicated significant differences in the
hippocampal mRNA levels of Mki67, Dcx, Calb1, and Casp3
(F4,30 > 6.37; p < 0.0008), but not Sox2 and Ncam. Specifically,
the hippocampi of rats exposed to ethanol had lower mRNA
levels of the cellular marker for proliferation Mki67 compared
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FIGURE 4 | Relative protein levels of AKT (A), phospho-AKT (B), ERK1 (C), phospho-ERK1 (D), ERK2 (E) and phospho-ERK2 (F) in the hippocampus as well as
representative immunoblots (G). Bars represent the mean ± SEM (n = 4/group). Tukey (A–E) or simple effect analysis (F): ∗p < 0.05, ∗∗p < 0.01 vs. saline-vehicle,
#p < 0.05, ##p < 0.01 vs. EtOH-vehicle, and &&p < 0.01 vs. EtOH-THC.
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FIGURE 5 | Relative mRNA levels of the neurogenic factors Mki67 (A), Sox-2 (B), Dcx (C), Calb1 (D) and Ncam (E), and the apoptotic protease Casp3 (F) in the
hippocampus. Bars represent the mean ± SEM (n = 7/group). Tukey (A,C,D,F) or simple effect analysis (B,E): ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs.
saline-vehicle; ##p < 0.01, ###p < 0.001 vs. EtOH-vehicle.

to those of saline-vehicle rats (∗∗p < 0.01) (Figure 5A). Two-
way ANOVA indicated significant interaction between factors
(OEA and THC) in the mRNA levels of Dcx (F1,24 = 12.54;
p = 0.0017), Calb1 (F1,24 = 15.88; p = 0.0005), and Casp3
(F1,24 = 4.81; p = 0.038). Main effects of OEA and THC on
the mRNA levels of Dcx (F1,24 > 11.25; p < 0.002), Calb1
(F1,24 > 7.87; p < 0.009) and Casp3 (F1,24 > 6.40; p < 0.01)
were also observed. The administration of OEA and THC
alone decreased mRNA levels of Dcx, Calb1, and Casp3 in
ethanol-exposed rats compared to those of saline-vehicle rats
(∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001) and ethanol-vehicle rats
(##p < 0.01/0.001, ###p < 0.001) (Figures 5C–F). Specifically,
simple effect analysis indicated that THC alone decreased mRNA
levels of Mk67 in ethanol-exposed rats (#p < 0.05), but this
effect was erased when OEA was also administered (Figure 5A).

No significant changes in mRNA levels of Sox2 and Ncam were
observed (Figures 5B,E).

OEA Modulates the THC-Related
Decreases in Both Neural Stem Cell
Proliferation and Newborn Cell Survival
in the SGZ of Rats Exposed to Ethanol
Binges During Adolescence
Statistical analysis indicated significant changes in the number
of BrdU+ cells (F4,35 = 5.70; p < 0.0013), but not the
number of IdU+ cells. Specifically, ethanol binges did not
produce any effect on the number of BrdU+ cells (newborn
cell survival) and the number of IdU+ cells (cell proliferation)
in the SGZ of the dentate gyrus (Figure 6). Two-way ANOVA
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FIGURE 6 | Newborn cell survival (A) and neural stem cell proliferation (B) respectively, assessed by the number of BrdU and IdU-immunoreactive (+) cells in the
SGZ of the dentate gyrus. Low and high-resolution photomicrographs of representative images showing BrdU+ cells (C) and IdU+ cells, and (D). Arrowheads
indicate labeled nuclei. Bars represent the mean ± SEM (n = 7–8/group). Tukey (A) or simple effect analysis (B): ∗∗p < 0.01 vs. saline-vehicle and #p < 0.05,
###p < 0.001 vs. EtOH-vehicle.

did not indicate any significant interaction between factors
(OEA and THC). Main effects of THC, but not OEA, on
the number of BrdU+ cells (F1,8 = 11.84; p < 0.01) and
IdU+ cells (F1,8 = 10.53; p = 0.011) were observed. OEA
alone did not modify the number of BrdU+ and IdU+
cells in the SGZ of ethanol-exposed rats. THC reduced the

number of BrdU+ and IdU+ cells in ethanol-exposed rats
compared to those of saline-vehicle rats (∗∗p < 0.01) and
ethanol-vehicle rats (###p < 0.001) (Figures 6A,B). However,
these effects of THC on SGZ cell proliferation and survival
in ethanol-exposed rat were modulated when OEA was
also administered.
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FIGURE 7 | Y-maze test showing the number of arm entries (A) and percentage of spontaneous alternations (B). Bars represent the mean ± SEM (n = 8/group).
Tukey: ∗p < 0.05 vs. saline-vehicle and ##p < 0.01 vs. EtOH-vehicle.

OEA Blocked Short-Term Spatial
Memory Impairment in Rats Exposed to
THC and Ethanol Binges During
Adolescence
Statistical analysis indicated significant differences in the ratio
between series and entries (percentage of spontaneous alteration)
in the Y-maze (F4,35 = 3.10; p = 0.026), but not the number
of arm entries (F4,35 = 2.26; p = 0.058), used as an index of
activity. Specifically, ethanol binges did not produce any effect on
spontaneous alternation or activity (arm entries) in the Y-maze
(Figure 7). Two-way ANOVA did not indicate any significant
interaction between factors (OEA and THC). Main effects of
THC, but not OEA, on the number of arm entries (F1,26 = 6.46;
p = 0.016) and the percentage of spontaneous alteration
(F1,26 = 6.03; p = 0.02) were observed. THC affected both memory
(reduced spontaneous alternation) and activity (arm entries) in
ethanol-exposed rats (##p < 0.01) (Figures 7A,B). This memory
and motor impairment induced by the combination of THC and
ethanol was blocked by OEA (Figures 7A,B).

DISCUSSION

In the present study we evaluated the effects of OEA treatment
(10 mg/kg, i.p.), 48 h after acute administration of THC
(5 mg/kg, i.p.) and/or ethanol binge (3 g/kg, i.g.), on the
mRNA levels of main components of the neurotrophic (BDNF
and NT3) system, the phosphorylation of intracellular protein
kinases (AKT, ERK), and the cell proliferation, maturation and
survival in the dorsal hippocampus. The Y-Maze test was also
tested as a behavioral assessment tool for short-term spatial
memory. The main findings are as follows (see Figure 8 for
summary): (1) The regimen of ethanol binges decreased the
plasma concentrations of BDNF, the phosphorylated levels of
the MAP kinases ERK1/2, the mRNA levels of the neurotrophic
receptor TrkB and the cellular factor for proliferation Mki67
in the hippocampus (Figure 8A), but did not affect other
factors related to neurogenesis or spatial memory, (2) The
combination of THC and ethanol reduced short-term spatial
memory, the mRNA levels of Bdnf in the hippocampus, and

the cell proliferation (Mki67 and IdU+ cell population) and
survival (Casp3 and BrdU+ cell population) in the dorsal
hippocampus, (3) The repeated administration of OEA in the
ethanol-exposed rats modulated the plasma levels of BDNF,
and increased the hippocampal levels of phospho-AKT and
phospho-ERK1, key signaling regulators of neurogenesis and
cell survival (Figure 8B), (4) Both OEA and THC produced
similar effects on the mRNA levels of neurotrophic (Ntf3),
maturation (Dcx, Calb1) and pro-apoptotic (Casp3) factors in
the hippocampus of ethanol-exposed rats, (5) Interestingly, the
repeated administration of OEA in rats previously exposed to
both ethanol and THC normalized the plasma levels of BDNF,
enhanced the effects on the hippocampal mRNA levels of Bdnf
and the neurotrophic receptors TrkB and TrkC, and sustained
the phosphorylated levels of ERK1, and (6) These last effects
were likely associated with a recovery of short-term spatial
memory and newborn cell survival in the SGZ of the dentate
gyrus (Figure 8B).

We have recently demonstrated that the continuous exposure
of ethanol in a 4-bottle choice paradigm affects neurotrophin
signaling pathway through a deactivation of the neurogenic
regulator MAP kinase ERK2 and a decrease in mRNA levels of the
neurogenic factors Mki67, Sox2, Dcx, Ncam1, and Calb1 (Silva-
Peña et al., 2018). Nevertheless, the concrete effect of ethanol on
neurotrophic factors remains unclear, and different associations
between BDNF and ethanol consumption have been previously
described (Joe et al., 2007; Costa et al., 2011; Reynolds et al.,
2015; Geoffroy and Noble, 2017). In this regard, previous studies
indicated that a decrease in BDNF levels in plasma was associated
with ethanol consumption (García-Marchena et al., 2017b; Silva-
Peña et al., 2018). This effect was also linked to withdrawal
severity (Heberlein et al., 2010). In the present study, we go
further into this hypothesis as we described a decrease in BDNF
levels in the plasma of rats exposed to ethanol binges (3 g/kg)
once a week for 5 weeks during adolescence. This finding is
relevant for establishing BDNF as a biomarker of single weekly
alcohol consumption during adolescence despite not affecting
neither cognition nor neurogenesis.

We also examined the effect of ethanol binges together with
the administration of THC (5 mg/kg), a principal psychoactive
component of cannabis that activates CB1 and CB2 receptors.
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FIGURE 8 | Schematic representation that hypothesizes the effects of ethanol (A), THC and/or OEA (B) on neurotrophic signaling pathway via AKT and ERK1/2,
and its neurogenic response in the hippocampus.

Cannabis is the most widely used illicit drug, and the disruption
of learning and memory are commonly reported consequences of
cannabis use. In agreement with our results in ethanol-exposed
rats, spatial memory impairment by THC has been demonstrated
in adolescent animals (Steel et al., 2011; Segal-Gavish et al.,
2017) and healthy humans (D’Souza et al., 2009). Molecular
mechanisms underlying behavioral alteration by cannabis are
not completely described, although the importance of adaptive
changes in neuroplasticity (synaptic number and strength)
and neurogenesis during learning are accepted (Steel et al.,
2014). Endocannabinoid system regulates several physiological
processes such as anxiety (Ahn et al., 2008), nociception (Pertwee,
2001) and memory (Marsicano et al., 2002). Systemic and
intra-hippocampal administration of CB1 receptors agonists,
including THC (5.6 mg/kg, i.p.), impair hippocampal-dependent
memory/learning tasks (Wegener et al., 2008; Wise et al., 2009;
Hasanein and Teimuri Far, 2015). Moreover, intra-hippocampal
administration of the CB1 receptor antagonist rimonabant
(0.06 µg/rat) completely attenuated the memory disruptive
effects of cannabinoids (Wise et al., 2009). This tendency is
consistent with our study because THC induced short-term
memory impairment assessed by lower spatial alternations.
However, the effects of cannabinoids on plasticity activity of
the neuron do not necessary follow simple patterns, particularly

when memory processes are involved (Abush and Akirav,
2010). In fact, a recent dose-response study (Suliman et al.,
2018) reported that THC administered in rats at a dose of
1.5 mg/kg improved cognitive functions and enhanced the
markers involved in hippocampal neurogenesis including DCX
and BDNF. These effects were not observed when THC was
administered at doses of 0.5 and 3 mg/kg (Suliman et al.,
2018), suggesting a biphasic (impairing or enhancing) role of
CB1 receptor activation in both adult neurogenesis and memory
activities (Calabrese and Rubio-Casillas, 2018). Other studies
have shown that THC prevents neurodegenerative processes
occurring in animal models of Alzheimer’s disease, protects from
inflammation-induced cognitive damage, and restores memory
and cognitive function in old mice (Martín-Moreno et al., 2012;
Aso et al., 2015). CB2 receptor was also related to memory and
synaptic plasticity (García-Gutiérrez et al., 2013; Li and Kim,
2016). Activation of CB2 receptors by the administration of
different selective CB2 receptor agonists (O-1966 and MDA7)
reversed amyloid-induced memory deficiency and improves
memory retention following stroke in mice (Wu et al., 2013;
Ronca et al., 2015). So, we cannot discard that the biphasic
effect of THC on neural plasticity could be linked to a putative
positive/negative balance between CB1/CB2 receptor activation.
Regarding our results, we propose that THC at a dose of 5 mg/kg
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likely facilitates the expected deleterious effects of alcohol on
hippocampal neurogenesis and spatial memory.

Oleoylethanolamide is a satiety factor capable of controlling
contextual memories associated with alcohol relapse (Bilbao
et al., 2016). In addition, alcohol withdrawal symptoms are
supported by the decrease in OEA levels and its adaptive nature
as a homeostatic signal (Bilbao et al., 2016). Interestingly, OEA
injection (5 and 20 mg/kg) at the beginning of withdrawal (when
OEA levels are dropping) produced a lower severity of the
withdrawal symptoms (Bilbao et al., 2016). These results support
previous clinical studies suggesting that OEA levels are altered in
alcohol-dependence during abstinence and might be a potential
marker for predicting length of alcohol abstinence (García-
Marchena et al., 2017a). Human genetic reports also described
an association between AUD and polymorphisms/mutation of
the gene encoding the NAE-hydrolyzing enzyme fatty-acid
amide hydrolase (FAAH) (Sipe et al., 2002). Inhibition of
FAAH, the enzyme responsible for the degradation of the
NAEs anandamide and OEA (Cravatt et al., 1996), enhances
memory and does not induce the adverse effects of CB1
receptor agonists (Hasanein and Teimuri Far, 2015; Rivera
et al., 2018). Moreover, inhibition of FAAH promotes memory
acquisition through OEA and PPARα activation (Mazzola et al.,
2009). Our findings reinforce the hypothesis that repeated
treatment of OEA can exert functional recovery of THC-related
cognitive impairments and neuroprotective effects via triggering
of adult neurogenesis in the hippocampi of ethanol-exposed rats
during adolescence.

Despite the association between OEA and BDNF has been
barely studied, the chronic treatment with OEA markedly
improves spatial cognitive deficits through enhancing
neurogenesis and BDNF expression in the hippocampus
after acute cerebral ischemic injury (Yang et al., 2015). Several
studies reported that THC increases BDNF levels in the plasma
of rats (Suliman et al., 2018) and the serum of healthy humans
(D’Souza et al., 2009). In our study, plasma BDNF concentrations
were decreased after ethanol binges. Interestingly, while THC
and OEA slightly or partially blocked the ethanol effect when
they were separately administered, the combination of both
drugs in the ethanol-exposed rats induced a synergistic effect that
completely equalized BDNF levels to saline-vehicle group. The
molecular mechanisms involved in the ethanol-induced decrease
of circulating BDNF remain to be elucidated but reinforces the
notion of BDNF as a biomarker of alcohol consumption.

The relevance of these findings was further explored when
we analyzed hippocampal expression of neurotrophins, their
receptors, molecular signaling, and transcriptional response.
Interestingly, THC decreased the mRNA levels of Bdnf and Ntf3
in the hippocampus. Concomitant OEA and THC did not restore
neurotrophin expression but, synergistically, increased the
mRNA levels of the receptor binding BDNF TrkB and decreased
the mRNA levels of receptor binding NT-3 TrkC. Further studies
are necessary to explain the apparent contradiction between the
effects of THC and OEA on the hippocampal expression of
BDNF and its receptor TrkB. Besides, synergistic reduction in
Ntf3 and TrkC mRNA levels by THC and OEA suggest a relevant
impact on NT-3 signaling system in a context of ethanol binges.

This hypothesis is consistent with the intracellular signaling in
the hippocampi of ethanol-exposed rats. The decreased levels
of ERK1 phosphorylation induced by ethanol was specifically
counteracted by OEA. We propose that this effect may be
related to a sensitization of BDNF-TRKB signaling. Moreover, the
increased levels of AKT phosphorylation induced by OEA agree
with an activation of this signaling pathway (please, see Figure 8B
for schematic summary). Regarding the neurogenic response,
THC specifically enhanced the ethanol-related reduction in
mRNA levels of the cellular factor for proliferation Mki67, an
effect that was in agreement with the lower number of IdU+ cells
in the SGZ. Similar effects of THC and OEA were found on the
factors maturing neurons Dcx and Calb1. Besides, hippocampal
mRNA levels of Casp3, a neural marker of apoptosis, was also
decreased by both OEA and THC. Interestingly, OEA blocked the
lower number of SGZ BrdU+ cells induced by THC. These last
results suggest that both OEA and THC may abrogate a cell death
response in the hippocampus under an alcoholic context, but only
OEA may amplify this anti-apoptotic signal into the hippocampal
neurogenic niche.

CONCLUSION

In conclusion, ethanol binge drinking during adolescence impairs
circulating BDNF concentrations and ERK signaling in the
hippocampus. THC associated with ethanol specifically induced
a deleterious effect on both short-term memory and in a
number of neurotrophic (Bdnf, Ntf3) and neurogenic (Mki67,
Dcx, Calb1) factors in the hippocampus, a region widely related
to synaptic plasticity of the neuron. Administration of OEA
alone or in combination with THC in ethanol-exposed rats
restored ethanol-related BDNF deficiency in plasma, increased
the expression of the BDNF receptor TrkB and intracellular
signaling (AKT and ERK1 phosphorylation), and sustained a
reduced expression of maturation (Dcx and Calb1) and pro-
apoptotic (Casp3) responses in the hippocampus. Finally, OEA
may be related to a likely positive effect on newborn cell
survival in the hippocampus and short-term spatial memory.
Therefore, OEA and others putative PPARα activators are
interesting targets to be further investigated to unveil novel
therapeutic strategies approaching cognitive impairment and
pathologies related to AUD.

LIMITATIONS AND FUTURE
PERSPECTIVE

This study examined the single effects of THC and OEA, and
their interaction, on short-term spatial memory and neurogenesis
through BDNF/AKT/ERK signaling in the dorsal hippocampus
of adolescent rats exposed to ethanol binge drinking. It was
not intended to evaluate the actions of these compounds in
normal animals, so we decided to focus only in ethanol-
exposed ones. Although our findings support the hypothesis
of a protective role of OEA in response to ethanol, we are
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aware of the limitations of the present study. First, the lack
of females rats in the experimental design is an important
limitation of the present study. Same-sex representativeness and
the effect of sexual dimorphism on reactivity to abuse drugs and
treatments should be definitely addressed for all experiments
in pre-clinical research (McCullough et al., 2014). Second, the
lack of a factorial design that includes naïve-ethanol groups
is another important limitation of the present study. Despite
main effects and interaction of OEA and THC in rats exposed
to ethanol were evaluated by two-way ANOVA, independent
effects and interactive effects between drugs and ethanol were not
assessed, limiting our findings to the alcohol-exposure context
only. Third, the experiments of the present study were designed
to mimic the one-day heavy drinking of adolescents and to
evaluate vulnerability to ethanol during adolescence (Fabio et al.,
2014), so we cannot extrapolate to heavy binge drinking in adults.
In addition, the magnitude of the effect cannot be estimated
because we used only one dose for OEA or THC. Although drug
doses were selected regarding effectiveness based on previous
studies (Piomelli et al., 2006; Galan-Rodriguez et al., 2009; Bilbao
et al., 2016; Murphy et al., 2017; Antón et al., 2017, 2018), the use
of a dose-response design might have offered more information
concerning the effects of the drugs tested. Finally, although
the amount of ethanol administered with the vehicle solution
for THC was small (0.2 g/kg), we must consider the potential
induction of biological responses that could interfere with the
outcomes measured.

ETHICS STATEMENT

All protocols were approved by the Ethics and Research
Committee of Universidad de Málaga (CEUMA, 7-2016-A).

AUTHOR CONTRIBUTIONS

FR and JS conceived and designed the study. DS-P, PR, FA, AV,
and NG-M acquired the data. DS-P, PR, LR, FP, and AS analyzed

and interpreted the data. DS-P and JS drafted the manuscript. FR
and JS Reviewed and edited the manuscript. All authors approved
the final version of the manuscript.

FUNDING

All sources of funding received for the research have
been submitted. All funds received included open Access
publication fees.

ACKNOWLEDGMENTS

RETICS Red de Trastornos Adictivos, Instituto de Salud
Carlos III (ISCIII), Ministerio de Economía y Competitividad
(MINECO) and European Regional Development Funds-
European Union (ERDF-EU; RD16/0017/0001); ISCIII,
MINECO, ERDF-EU (JS: PI16/01374; FR: PI16/01698; FJ:
PI16/01953; AS: PI17/02026) Ministerio de Sanidad, Servicios
Sociales e Igualdad and Plan Nacional sobre Drogas (JS:
PNSD2015/047; AS: PND2017/043; FRF: PND2018/044);
Consejería de Economía, Innovación, Ciencia y Empleo,
Junta de Andalucía, ERDF-EU (FR: CTS-8221); Consejería
de Salud, Junta de Andalucía, ERDF-EU (FR: SAS111224).
FP (CP14/00212) and AS (CP14/00173) are recipients of a
research contract from “Miguel Servet” Program of ISCIII,
ERDF-EU. JS holds a “Miguel Servet II” research contract from
the National System of Health, ISCIII, ERDF-EU, FIMABIS
(CPII17/00024). PR holds a “Sara Borrel” research contract from
ISCIII, ERDF-EU (CD16/00067).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2019.00096/full#supplementary-material

REFERENCES
Abush, H., and Akirav, I. (2010). Cannabinoids modulate hippocampal memory

and plasticity. Hippocampus 20, 1126–1138. doi: 10.1002/hipo.20711
Ahn, K., McKinney, M. K., and Cravatt, B. F. (2008). Enzymatic pathways that

regulate endocannabinoid signaling in the nervous system. Chem. Rev. 108,
1687–1707. doi: 10.1021/cr0782067

Andero, R., Dias, B. G., and Ressler, K. J. (2014). A role for Tac2, NkB, and Nk3
receptor in normal and dysregulated fear memory consolidation. Neuron 83,
444–454. doi: 10.1016/j.neuron.2014.05.028

Antón, M., Alén, F., Gómez de Heras, R., Serrano, A., Pavón, F. J., Leza, J. C.,
et al. (2017). Oleoylethanolamide prevents neuroimmune HMGB1/TLR4/NF-
kB danger signaling in rat frontal cortex and depressive-like behavior induced
by ethanol binge administration. Addict. Biol. 22, 724–741. doi: 10.1111/adb.
12365

Antón, M., Rodríguez-González, A., Rodríguez-Rojo, I. C., Pastor, A., Correas,
Á, Serrano, A., et al. (2018). Increased plasma oleoylethanolamide and
palmitoleoylethanolamide levels correlate with inflammatory changes in
alcohol binge drinkers: the case of HMGB1 in women. Addict. Biol. 23, 1242–
1250. doi: 10.1111/adb.12580

Aso, E., Sanchez-Pla, A., Vegas-Lozano, E., Maldonado, R., and Ferrer, I.
(2015). Cannabis-based medicine reduces multiple pathological processes
in AbPP/PS1 mice. J. Alzheimers Dis. 43, 977–991. doi: 10.3233/JAD-14
1014

Bilbao, A., Serrano, A., Cippitelli, A., Pavón, F. J., Giuffrida, A., Suárez, J., et al.
(2016). Role of the satiety factor oleoylethanolamide in alcoholism. Addict. Biol.
21, 859–872. doi: 10.1111/adb.12276

Bodart, J. F. (2010). Extracellular-regulated kinase-mitogen-activated protein
kinase cascade: unsolved issues. J. Cell. Biochem. 109, 850–857. doi: 10.1002/
jcb.22477

Calabrese, E. J., and Rubio-Casillas, A. (2018). Biphasic effects of THC in memory
and cognition. Eur. J. Clin. Invest. 48, e12920. doi: 10.1111/eci.12920

Costa, M. A., Girard, M., Dalmay, F., and Malauzat, D. (2011). Brain-derived
neurotrophic factor serum levels in alcohol-dependent subjects 6 months after
alcohol withdrawal. Alcohol Clin. Exp. Res. 35, 1966–1973. doi: 10.1111/j.1530-
0277.2011.01548.x

Cravatt, B. F., Giang, D. K., Mayfield, S. P., Boger, D. L., Lerner, R. A., and
Gilula, N. B. (1996). Molecular characterization of an enzyme that degrades
neuromodulatory fatty-acid amides. Nature 384, 83–87. doi: 10.1038/384
083a0

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 April 2019 | Volume 12 | Article 96

https://www.frontiersin.org/articles/10.3389/fnmol.2019.00096/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00096/full#supplementary-material
https://doi.org/10.1002/hipo.20711
https://doi.org/10.1021/cr0782067
https://doi.org/10.1016/j.neuron.2014.05.028
https://doi.org/10.1111/adb.12365
https://doi.org/10.1111/adb.12365
https://doi.org/10.1111/adb.12580
https://doi.org/10.3233/JAD-141014
https://doi.org/10.3233/JAD-141014
https://doi.org/10.1111/adb.12276
https://doi.org/10.1002/jcb.22477
https://doi.org/10.1002/jcb.22477
https://doi.org/10.1111/eci.12920
https://doi.org/10.1111/j.1530-0277.2011.01548.x
https://doi.org/10.1111/j.1530-0277.2011.01548.x
https://doi.org/10.1038/384083a0
https://doi.org/10.1038/384083a0
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-12-00096 April 17, 2019 Time: 16:23 # 14

Silva-Peña et al. OEA in BDNF Signaling Affected by Ethanol

Crews, F. T., Vetreno, R. P., Broadwater, M. A., and Robinson, D. L. (2016).
Adolescent alcohol exposure persistently impacts adult neurobiology and
behavior. Pharmacol. Rev. 68, 1074–1109. doi: 10.1124/pr.115.012138

D’Souza, D. C., Pittman, B., Perry, E., and Simen, A. (2009). Preliminary evidence
of cannabinoid effects on brain-derived neurotrophic factor (BDNF) levels in
humans. Psychopharmacology 202, 569–578. doi: 10.1007/s00213-008-1333-2

Fabio, M. C., Nizhnikov, M. E., Spear, N. E., and Pautassi, R. M. (2014). Binge
ethanol intoxication heightens subsequent ethanol intake in adolescent, but not
adult, rats. Dev. Psychobiol. 56, 574–583. doi: 10.1002/dev.21101

Galan-Rodriguez, B., Suarez, J., Gonzalez-Aparicio, R., Bermudez-Silva, F. J.,
Maldonado, R., Robledo, P., et al. (2009). Oleoylethanolamide exerts partial
and dose-dependent neuroprotection of substantia nigra dopamine neurons.
Neuropharmacology 56, 653–664. doi: 10.1016/j.neuropharm.2008.11.006

García-Gutiérrez, M. S., Ortega-Álvaro, A., Busquets-García, A., Pérez-Ortiz, J. M.,
Caltana, L., Ricatti, M. J., et al. (2013). Synaptic plasticity alterations associated
with memory impairment induced by deletion of CB2 cannabinoid receptors.
Neuropharmacology 73, 388–396. doi: 10.1016/j.neuropharm.2013.05.034

García-Marchena, N., Pavon, F. J., Pastor, A., Araos, P., Pedraz, M., Romero-
Sanchiz, P., et al. (2017a). Plasma concentrations of oleoylethanolamide and
other acylethanolamides are altered in alcohol-dependent patients: effect of
length of abstinence. Addict. Biol. 22, 1366–1377. doi: 10.1111/adb.12408

García-Marchena, N., Silva-Peña, D., Martín-Velasco, A. I., Villanúa, M. Á, Araos,
P., Pedraz, M., et al. (2017b). Decreased plasma concentrations of BDNF and
IGF-1 in abstinent patients with alcohol use disorders. PLoS One 12:e0187634.
doi: 10.1371/journal.pone.0187634

Geoffroy, H., and Noble, F. (2017). BDNF During Withdrawal. Vitam. Horm. 104,
475–496. doi: 10.1016/bs.vh.2016.10.009

Gonzalez-Aparicio, R., Blanco, E., Serrano, A., Pavon, F. J., Parsons,
L. H., Maldonado, R., et al. (2014). The systemic administration of
oleoylethanolamide exerts neuroprotection of the nigrostriatal system in
experimental Parkinsonism. Int. J. Neuropsychopharmacol. 17, 455–468.
doi: 10.1017/S1461145713001259

Hasanein, P., and Teimuri Far, M. (2015). Effects of URB597 as an inhibitor
of fatty acid amide hydrolase on WIN55, 212-2-induced learning and
memory deficits in rats. Pharmacol. Biochem. Behav. 131, 130–135.
doi: 10.1016/j.pbb.2015.02.007

Heberlein, A., Muschler, M., Wilhelm, J., Frieling, H., Lenz, B., Gröschl, M., et al.
(2010). BDNF and GDNF serum levels in alcohol-dependent patients during
withdrawal. Prog. Neuropsychopharmacol. Biol. Psychiatry 34, 1060–1064.
doi: 10.1016/j.pnpbp.2010.05.025

Huang, E. J., and Reichardt, L. F. (2003). Trk receptors: roles in neuronal signal
transduction. Annu. Rev. Biochem. 72, 609–642. doi: 10.1146/annurev.biochem.
72.121801.161629

Iversen, L. (2003). Cannabis and the brain. Brain 126, 1252–1270. doi: 10.1093/
brain/awg143

Joe, K. H., Kim, Y. K., Kim, T. S., Roh, S. W., Choi, S. W., Kim, Y. B., et al.
(2007). Decreased plasma brain-derived neurotrophic factor levels in patients
with alcohol dependence. Alcohol Clin. Exp. Res. 31, 1833–1838. doi: 10.1111/j.
1530-0277.2007.00507.x

Knoth, R., Singec, I., Ditter, M., Pantazis, G., Capetian, P., Meyer, R. P., et al. (2010).
Murine features of neurogenesis in the human hippocampus across the lifespan
from 0 to 100 years. PLoS One 5:e8809. doi: 10.1371/journal.pone.0008809

Li, Y., and Kim, J. (2016). CB2 cannabinoid receptor knockout in mice impairs
contextual long-term memory and enhances spatial working memory. Neural
Plast. 2016:9817089. doi: 10.1155/2016/9817089

Lu, B., Nagappan, G., and Lu, Y. (2014). BDNF and synaptic plasticity, cognitive
function, and dysfunction. Handb. Exp. Pharmacol. 220, 223–250. doi: 10.1007/
978-3-642-45106-5_9

Marsicano, G., Wotjak, C. T., Azad, S. C., Bisogno, T., Rammes, G., Cascio,
M. G., et al. (2002). The endogenous cannabinoid system controls extinction
of aversive memories. Nature 418, 530–534. doi: 10.1038/nature00839

Martín-Moreno, A. M., Brera, B., Spuch, C., Carro, E., García-García, L.,
Delgado, M., et al. (2012). Prolonged oral cannabinoid administration
prevents neuroinflammation, lowers β-amyloid levels and improves cognitive
performance in Tg APP 2576 mice. J. Neuroinflammation 16:8. doi: 10.1186/
1742-2094-9-8

Mazzola, C., Medalie, J., Scherma, M., Panlilio, L. V., Solinas, M., Tanda, G.,
et al. (2009). Fatty acid amide hydrolase (FAAH) inhibition enhances memory

acquisition through activation of PPAR-alpha nuclear receptors. Learn. Mem.
16, 332–337. doi: 10.1101/lm.1145209

McCullough, L. D., de Vries, G. J., Miller, V. M., Becker, J. B., Sandberg, K., and
McCarthy, M. M. (2014). NIH initiative to balance sex of animals in preclinical
studies: generative questions to guide policy, implementation, and metrics. Biol.
Sex Differ. 5:15. doi: 10.1186/s13293-014-0015-5

Moreno-Jiménez, E. P., Flor-García, M., Terreros-Roncal, J., Rábano, A., Cafini, F.,
Pallas-Bazarra, N., et al. (2019). Adult hippocampal neurogenesis is abundant in
neurologically healthy subjects and drops sharply in patients with Alzheimer’s
disease. Nat. Med. 25, 554–560. doi: 10.1038/s41591-019-0375-9

Murphy, M., Mills, S., Winstone, J., Leishman, E., Wager-Miller, J., Bradshaw,
H., et al. (2017). Chronic adolescent 1(9)-Tetrahydrocannabinol treatment of
male mice leads to long-term cognitive and behavioral dysfunction, which are
prevented by concurrent cannabidiol treatment. Cannabis Cannabinoid Res. 2,
235–246. doi: 10.1089/can.2017.0034

NIAAA (2004). National Institute on Alcohol Abuse and Alcoholism Council
approves definition of binge drinking. NIAAA Newslett. 3:3.

Nixon, K., and Crews, F. T. (2004). Temporally specific burst in cell proliferation
increases hippocampal neurogenesis in protracted abstinence from alcohol.
J. Neurosci. 24, 9714–9722. doi: 10.1523/jneurosci.3063-04.2004

Nookala, A. R., Schwartz, D. C., Chaudhari, N. S., Glazyrin, A., Stephens,
E. B., Berman, N. E. J., et al. (2018). Methamphetamine augment HIV-1 Tat
mediated memory deficits by altering the expression of synaptic proteins and
neurotrophic factors. Brain Behav. Immun. 71, 37–51. doi: 10.1016/j.bbi.2018.
04.018

Orio, L., Pavón, F. J., Blanco, E., Serrano, A., Araos, P., Pedraz, M., et al. (2013).
Lipid transmitter signaling as a new target for treatment of cocaine addiction:
new roles for acylethanolamides and lysophosphatidic acid. Curr. Pharm. Des.
19, 7036–7049. doi: 10.2174/138161281940131209143421

Paxinos, G., and Watson, C. (2007). The Rat Brain in Stereotaxic Coordinates, 6th
edn. Sydney: Academic Press.

Pertwee, R. G. (2001). Cannabinoid receptors and pain. Prog. Neurobiol. 63,
569–611.

Pilatti, A., Read, J. P., and Pautassi, R. M. (2017). ELSA 2016 Cohort: alcohol,
tobacco, and marijuana use and their association with age of drug use onset, risk
perception, and social norms in argentinean college freshmen. Front. Psychol.
8:1452. doi: 10.3389/fpsyg.2017.01452

Piomelli, D., Tarzia, G., Duranti, A., Tontini, A., Mor, M., Compton, T. R.,
et al. (2006). Pharmacological profile of the selective FAAH inhibitor KDS-
4103 (URB597). CNS Drug Rev. 12, 21–38. doi: 10.1111/j.1527-3458.2006.
00021.x

Reynolds, P. M., Mueller, S. W., and MacLaren, R. (2015). A comparison of
dexmedetomidine and placebo on the plasma concentrations of NGF, BDNF,
GDNF, and epinephrine during severe alcohol withdrawal. Alcohol 49, 15–19.
doi: 10.1016/j.alcohol.2014.11.006

Rivera, P., Arrabal, S., Cifuentes, M., Grondona, J. M., Pérez-Martín, M., Rubio,
L., et al. (2014). Localization of the cannabinoid CB1 receptor and the 2-
AG synthesizing (DAGLα) and degrading (MAGL, FAAH) enzymes in cells
expressing the Ca(2+)-binding proteins calbindin, calretinin, and parvalbumin
in the adult rat hippocampus. Front. Neuroanat. 8:56. doi: 10.3389/fnana.2014.
00056

Rivera, P., Bindila, L., Pastor, A., Pérez-Martín, M., Pavón, F. J., Serrano, A., et al.
(2015). Pharmacological blockade of the fatty acid amide hydrolase (FAAH)
alters neural proliferation, apoptosis and gliosis in the rat hippocampus,
hypothalamus and striatum in a negative energy context. Front. Cell Neurosci.
9:98. doi: 10.3389/fncel.2015.00098

Rivera, P., Fernández-Arjona, M. D. M., Silva-Peña, D., Blanco, E., Vargas, A.,
López-Ávalos, M. D., et al. (2018). Pharmacological blockade of fatty acid amide
hydrolase (FAAH) by URB597 improves memory and changes the phenotype
of hippocampal microglia despite ethanol exposure. Biochem. Pharmacol. 157,
244–257. doi: 10.1016/j.bcp.2018.08.005

Rivera, P., Pérez-Martín, M., Pavón, F. J., Serrano, A., Crespillo, A., Cifuentes,
M., et al. (2013). Pharmacological administration of the isoflavone daidzein
enhances cell proliferation and reduces high fat diet-induced apoptosis and
gliosis in the rat hippocampus. PLoS One 8:e64750. doi: 10.1371/journal.pone.
0064750

Ronca, R. D., Myers, A. M., Ganea, D., Tuma, R. F., Walker, E. A., and Ward, S. J.
(2015). A selective cannabinoid CB2 agonist attenuates damage and improves

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 April 2019 | Volume 12 | Article 96

https://doi.org/10.1124/pr.115.012138
https://doi.org/10.1007/s00213-008-1333-2
https://doi.org/10.1002/dev.21101
https://doi.org/10.1016/j.neuropharm.2008.11.006
https://doi.org/10.1016/j.neuropharm.2013.05.034
https://doi.org/10.1111/adb.12408
https://doi.org/10.1371/journal.pone.0187634
https://doi.org/10.1016/bs.vh.2016.10.009
https://doi.org/10.1017/S1461145713001259
https://doi.org/10.1016/j.pbb.2015.02.007
https://doi.org/10.1016/j.pnpbp.2010.05.025
https://doi.org/10.1146/annurev.biochem.72.121801.161629
https://doi.org/10.1146/annurev.biochem.72.121801.161629
https://doi.org/10.1093/brain/awg143
https://doi.org/10.1093/brain/awg143
https://doi.org/10.1111/j.1530-0277.2007.00507.x
https://doi.org/10.1111/j.1530-0277.2007.00507.x
https://doi.org/10.1371/journal.pone.0008809
https://doi.org/10.1155/2016/9817089
https://doi.org/10.1007/978-3-642-45106-5_9
https://doi.org/10.1007/978-3-642-45106-5_9
https://doi.org/10.1038/nature00839
https://doi.org/10.1186/1742-2094-9-8
https://doi.org/10.1186/1742-2094-9-8
https://doi.org/10.1101/lm.1145209
https://doi.org/10.1186/s13293-014-0015-5
https://doi.org/10.1038/s41591-019-0375-9
https://doi.org/10.1089/can.2017.0034
https://doi.org/10.1523/jneurosci.3063-04.2004
https://doi.org/10.1016/j.bbi.2018.04.018
https://doi.org/10.1016/j.bbi.2018.04.018
https://doi.org/10.2174/138161281940131209143421
https://doi.org/10.3389/fpsyg.2017.01452
https://doi.org/10.1111/j.1527-3458.2006.00021.x
https://doi.org/10.1111/j.1527-3458.2006.00021.x
https://doi.org/10.1016/j.alcohol.2014.11.006
https://doi.org/10.3389/fnana.2014.00056
https://doi.org/10.3389/fnana.2014.00056
https://doi.org/10.3389/fncel.2015.00098
https://doi.org/10.1016/j.bcp.2018.08.005
https://doi.org/10.1371/journal.pone.0064750
https://doi.org/10.1371/journal.pone.0064750
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-12-00096 April 17, 2019 Time: 16:23 # 15

Silva-Peña et al. OEA in BDNF Signaling Affected by Ethanol

memory retention following stroke in mice. Life Sci. 138, 72–77. doi: 10.1016/j.
lfs.2015.05.005

Roskoski, R. Jr. (2012). ERK1/2 MAP kinases: structure, function, and regulation.
Pharmacol. Res. 66, 105–143. doi: 10.1016/j.phrs.2012.04.005

Sanchez-Marin, L., Pavon, F. J., Decara, J., Suarez, J., Gavito, A., Castilla-
Ortega, E., et al. (2017). Effects of intermittent alcohol exposure on emotion
and cognition: a potential role for the endogenous cannabinoid system and
neuroinflammation. Front. Behav. Neurosci. 11:15. doi: 10.3389/fnbeh.2017.
00015

Segal-Gavish, H., Gazit, N., Barhum, Y., Ben-Zur, T., Taler, M., Hornfeld, S. H., et al.
(2017). BDNF overexpression prevents cognitive deficit elicited by adolescent
cannabis exposure and host susceptibility interaction. Hum. Mol. Genet. 26,
2462–2471. doi: 10.1093/hmg/ddx139

Sihag, J., and Jones, P. J. H. (2018). Oleoylethanolamide: the role of a bioactive
lipid amide in modulating eating behaviour. Obes. Rev. 19, 178–197. doi: 10.
1111/obr.12630

Silva-Peña, D., Garcia-Marchena, N., Alen, F., Araos, P., Rivera, P., Vargas, A.,
et al. (2018). Alcohol-induced cognitive deficits are associated with decreased
circulating levels of the neurotrophin BDNF in humans and rats. Addict. Biol.

Sipe, J. C., Chiang, K., Gerber, A. L., Beutler, E., and Cravatt, B. F. (2002).
A missense mutation in human fatty acid amide hydrolase associated with
problem drug use. Proc. Natl. Acad. Sci. U.S.A. 99, 8394–8399. doi: 10.1073/
pnas.082235799

Solowij, N., and Battisti, R. (2008). The chronic effects of cannabis on memory
in humans: a review. Curr. Drug Abuse Rev. 1, 81–98. doi: 10.2174/
1874473710801010081

Steel, R. W., Miller, J. H., Sim, D. A., and Day, D. J. (2011). Learning
impairment by 1(9)-tetrahydrocannabinol in adolescence is attributable to
deficits in chunking. Behav. Pharmacol. 22, 837–846. doi: 10.1097/FBP.
0b013e32834dbbb1

Steel, R. W., Miller, J. H., Sim, D. A., and Day, D. J. (2014). Delta-9-
tetrahydrocannabinol disrupts hippocampal neuroplasticity and neurogenesis
in trained, but not untrained adolescent Sprague-Dawley rats. Brain Res. 1548,
12–19. doi: 10.1016/j.brainres.2013.12.034

Suliman, N. A., Taib, C. N. M., Moklas, M. A. M., and Basir, R. (2018). Delta-9-
tetrahydrocannabinol (?(9)-THC) induce neurogenesis and improve cognitive
performances of male Sprague Dawley rats. Neurotox. Res. 33, 402–411.
doi: 10.1007/s12640-017-9806-x

Varvel, S. A., and Lichtman, A. H. (2005). “Role of the endocannabinoid system
in learning and memory,” in Cannabinoids as Therapeutics. Milestones in Drug
Therapy, ed. R. Mechoulam (Basel: Birkhauser).

Wegener, N., Kuhnert, S., Thüns, A., Roese, R., and Koch, M. (2008).
Effects of acute systemic and intra-cerebral stimulation of cannabinoid
receptors on sensorimotor gating, locomotion and spatial memory in rats.
Psychopharmacology 198, 375–385. doi: 10.1007/s00213-008-1148-1

Wise, L. E., Thorpe, A. J., and Lichtman, A. H. (2009). Hippocampal
CB(1) receptors mediate the memory impairing effects of delta(9)-
tetrahydrocannabinol. Neuropsychopharmacology 34, 2072–2080.
doi: 10.1038/npp.2009.31

Wu, J., Bie, B., Yang, H., Xu, J. J., Brown, D. L., and Naguib, M. (2013).
Activation of the CB2 receptor system reverses amyloid-induced memory
deficiency. Neurobiol. Aging 34, 791–804. doi: 10.1016/j.neurobiolaging.2012.
06.011

Yang, L. C., Guo, H., Zhou, H., Suo, D. Q., Li, W. J., Zhou, Y., et al. (2015).
Chronic oleoylethanolamide treatment improves spatial cognitive deficits
through enhancing hippocampal neurogenesis after transient focal cerebral
ischemia. Biochem. Pharmacol. 94, 270–281. doi: 10.1016/j.bcp.2015.02.012

Zanettini, C., Panlilio, L. V., Alicki, M., Goldberg, S. R., Haller, J., and Yasar,
S. (2011). Effects of endocannabinoid system modulation on cognitive and
emotional behavior. Front. Behav. Neurosci. 5:57. doi: 10.3389/fnbeh.2011.
00057

Zhao, Y., Liu, Y., Jing, Z., Peng, L., Jin, P., Lin, Y., et al. (2018). N-
oleoylethanolamide suppresses intimal hyperplasia after balloon injury in rats
through AMPK/PPARα pathway. Biochem. Biophys. Res. Commun. 496, 415–
421. doi: 10.1016/j.bbrc.2018.01.015

Zhou, Y., Yang, L., Ma, A., Zhang, X., Li, W., Yang, W., et al. (2012). Orally
administered oleoylethanolamide protects mice from focal cerebral
ischemic injury by activating peroxisome proliferator-activated receptor
α. Neuropharmacology 63, 242–249. doi: 10.1016/j.neuropharm.2012.
03.008

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Silva-Peña, Rivera, Alén, Vargas, Rubio, García-Marchena, Pavón,
Serrano, Rodríguez de Fonseca and Suárez. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 April 2019 | Volume 12 | Article 96

https://doi.org/10.1016/j.lfs.2015.05.005
https://doi.org/10.1016/j.lfs.2015.05.005
https://doi.org/10.1016/j.phrs.2012.04.005
https://doi.org/10.3389/fnbeh.2017.00015
https://doi.org/10.3389/fnbeh.2017.00015
https://doi.org/10.1093/hmg/ddx139
https://doi.org/10.1111/obr.12630
https://doi.org/10.1111/obr.12630
https://doi.org/10.1073/pnas.082235799
https://doi.org/10.1073/pnas.082235799
https://doi.org/10.2174/1874473710801010081
https://doi.org/10.2174/1874473710801010081
https://doi.org/10.1097/FBP.0b013e32834dbbb1
https://doi.org/10.1097/FBP.0b013e32834dbbb1
https://doi.org/10.1016/j.brainres.2013.12.034
https://doi.org/10.1007/s12640-017-9806-x
https://doi.org/10.1007/s00213-008-1148-1
https://doi.org/10.1038/npp.2009.31
https://doi.org/10.1016/j.neurobiolaging.2012.06.011
https://doi.org/10.1016/j.neurobiolaging.2012.06.011
https://doi.org/10.1016/j.bcp.2015.02.012
https://doi.org/10.3389/fnbeh.2011.00057
https://doi.org/10.3389/fnbeh.2011.00057
https://doi.org/10.1016/j.bbrc.2018.01.015
https://doi.org/10.1016/j.neuropharm.2012.03.008
https://doi.org/10.1016/j.neuropharm.2012.03.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Oleoylethanolamide Modulates BDNF-ERK Signaling and Neurogenesis in the Hippocampi of Rats Exposed to Δ9-THC and Ethanol Binge Drinking During Adolescence
	Introduction
	Materials and Methods
	Ethics Statement
	Subjects
	Ethanol Binge Exposure
	Drug Administration
	BrdU and IdU Administration
	Y-Maze Test
	Sample Collection
	Enzyme-Linked Immunoassay Analysis
	RNA Isolation and RT-qPCR Analysis
	Western Blot Analysis
	Immunohistochemistry
	Stereological Cell Quantification
	Statistical Analysis

	Results
	The Combined Administration of OEA and THC During Adolescence Restored the Ethanol-Induced Decreases in the Plasma Levels of BDNF
	OEA Decreases Bdnf, Ntf3, and TrkC, and Increases TrkB in the Hippocampi of Rats Exposed to Ethanol Binges and THC During Adolescence
	OEA Increases the Phosphorylation of AKT and ERK1 in the Hippocampi of Rats Exposed to Ethanol Binges During Adolescence
	The Combined Administration of OEA and THC Decreases Mki67, Dcx, Calb1, and Casp3 in the Hippocampi of Rats Exposed to Ethanol Binges During Adolescence
	OEA Modulates the THC-Related Decreases in Both Neural Stem Cell Proliferation and Newborn Cell Survival in the SGZ of Rats Exposed to Ethanol Binges During Adolescence
	OEA Blocked Short-Term Spatial Memory Impairment in Rats Exposed to THC and Ethanol Binges During Adolescence

	Discussion
	Conclusion
	Limitations and Future Perspective
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


