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ARTICLE
Intermittent ethanol exposure during adolescence impairs

cannabinoid type 1 receptor-dependent long-term depression
and recognition memory in adult mice

Sara Pefasco'?, Irantzu Rico-Barrio'?, Nagore Puente'?, Christine J. Fontaine (3°, Almudena Ramos'?, Leire Reguero'?,
Inmaculada Gerrikagoitia'?, Fernando Rodriguez de Fonseca®, Juan Suarez®, Sergio Barrondo®, Xabier Aretxabala®,
Gontzal Garcia del Cafo@°, Joan Sallés®, Izaskun Elezgarai'?, Patrick C. Nahirney®, Brian R. Christie® and Pedro Grandes'*?

Binge drinking is a significant problem in adolescent populations, and because of the reciprocal interactions between ethanol
(EtOH) consumption and the endocannabinoid (eCB) system, we sought to determine if adolescent EtOH intake altered the
localization and function of the cannabinoid 1 (CB,) receptors in the adult brain. Adolescent mice were exposed to a 4-day-per
week drinking in the dark (DID) procedure for a total of 4 weeks and then tested after a 2-week withdrawal period. Field excitatory
postsynaptic potentials (fEPSPs), evoked by medial perforant path (MPP) stimulation in the dentate gyrus molecular layer (DGML),
were significantly smaller. Furthermore, unlike control animals, CB receptor activation did not depress fEPSPs in the EtOH-exposed
animals. We also examined a form of excitatory long-term depression that is dependent on CB; receptors (eCB-eLTD) and found
that it was completely lacking in the animals that consumed EtOH during adolescence. Histological analyses indicated that
adolescent EtOH intake significantly reduced the CB; receptor distribution and proportion of immunopositive excitatory synaptic
terminals in the medial DGML. Furthermore, there was decreased binding of [>*S]guanosine-5*-O-(3-thiotriphosphate) ([*>S] GTPYS)
and the guanine nucleotide-binding (G) protein Gai2 subunit in the EtOH-exposed animals. Associated with this, there was a

significant increase in monoacylglycerol lipase (MVAGL) mRNA and protein in the hippocampus of EtOH-exposed animals.
Conversely, deficits in eCB-eLTD and recognition memory could be rescued by inhibiting MAGL with JZL184. These findings
indicate that repeated exposure to EtOH during adolescence leads to long-term deficits in CB, receptor expression, eCB-eLTD, and
reduced recognition memory, but that these functional deficits can be restored by treatments that increase endogenous 2-

arachidonoylglycerol.

Neuropsychopharmacology (2020) 45:309-318; https://doi.org/10.1038/541386-019-0530-5

INTRODUCTION
Adolescence is a period of significant growth and development
for the brain [1], and EtOH intake during this period can have
significant long-term consequences [2]. Alcoholism is a significant
problem worldwide, and among alcohol users, adolescents are
significantly more likely to engage in a pattern of alcohol use
known as “binge drinking”. This is a repetitive pattern of drinking
that is characterized by heavy alcohol use in a short period of
time, followed by a period of abstinence. Blood ethanol
concentrations (BEC) greater than 0.08 g/dL can be obtained by
binge drinking, and this has been calculated to correspond to an
average adolescent male consuming more than five drinks over a
period of 2 h [3].

The adolescent brain is also going through a significant period
of maturation that requires changes in neurotransmission,
synaptic plasticity, and structural changes in brain regions related

to learning, memory, and executive function. Previous studies
have demonstrated that binge drinking can adversely affect
synaptic transmission and neuroplasticity, and it is believed that
these deficits also play a role in the cognitive and emotional issues
associated with binge drinking [2, 4-10]. In the past decade, a
developmental role for endocannabinoid receptors has emerged
in the adolescent brain [11]. The eCB system is composed of G-
protein-coupled cannabinoid receptors (CB;, CB,, and others),
endogenous cannabinoids (mainly 2-arachidonoylglycerol [2-AG]
and anandamide), and the machinery for their synthesis,
degradation, and transport [12-16]. The eCB system plays
important roles in synaptic plasticity [9, 17-21] but also has roles
in a variety of cellular processes [13, 22-26].

Studies have shown that chronic EtOH exposure transiently
decreases the expression and function of CB, receptors [27-31], but
then produces a persistent increase in their expression, particularly

"Department of Neurosciences, Faculty of Medicine and Nursing, University of the Basque Country UPV/EHU, 48940 Leioa, Vizcaya, Spain; Achucarro Basque Center for
Neuroscience, Science Park of the UPV/EHU, Leioa, Vizcaya, Spain; Division of Medical Sciences, University of Victoria, Victoria, BC V8P 5C2, Canada; “Hospital Regional
Universitario de Mélaga, Instituto de Investigacién Biomédica de Mélaga (IBIMA), 29010 Malaga, Spain; *Department of Pharmacology, Faculty of Pharmacy, University of the
Basque Country UPV/EHU, CIBERSAM, Paseo de la Universidad 7, Vitoria-Gasteiz, Alava, 01006 Vitoria-Gasteiz, Spain and ®Department of Neurosciences, Faculty of Pharmacy,
University of the Basque Country UPV/EHU, Paseo de la Universidad 7, 01006 Vitoria-Gasteiz, Araba, Spain

Correspondence: Pedro Grandes (pedro.grandes@ehu.eus)

These authors contributed equally: Brian R. Christie, Pedro Grandes

Received: 11 May 2019 Revised: 23 August 2019 Accepted: 17 September 2019
Published online: 30 September 2019

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2019 SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-019-0530-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-019-0530-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-019-0530-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-019-0530-5&domain=pdf
http://orcid.org/0000-0002-0255-722X
http://orcid.org/0000-0002-0255-722X
http://orcid.org/0000-0002-0255-722X
http://orcid.org/0000-0002-0255-722X
http://orcid.org/0000-0002-0255-722X
http://orcid.org/0000-0002-7098-0986
http://orcid.org/0000-0002-7098-0986
http://orcid.org/0000-0002-7098-0986
http://orcid.org/0000-0002-7098-0986
http://orcid.org/0000-0002-7098-0986
mailto:pedro.grandes@ehu.eus
www.nature.com/npp

Intermittent ethanol exposure during adolescence impairs cannabinoid type...

S Pefasco et al.

310

in the hippocampus, after alcohol consumption ends [30]. Chronic
exposure negatively impacts LTD of synaptic transmission in the
hippocampus and other brain structures [9, 32, 33], and in particular,
impairs CB; receptor-dependent LTD [9, 34-36], as well as
metabotropic glutamate receptor (mGIuR) 5-dependent LTD [37].
Despite this evidence, the protracted effects of binge EtOH exposure
on the eCB-dependent synaptic plasticity remain largely unknown.

In this study, we investigated the effects of a binge model of
alcohol intake on the localization and function of CB, receptors at
the excitatory MPP synapses in the adult DGML of the hippocampus.
We focused on these synapses because they are the first to integrate
the hippocampal excitatory tri-synaptic circuit involved in learning
and memory, and have been shown to be altered by persistent EtOH
intake during the adolescence. Our results revealed that chronic
EtOH intake during adolescence reduced CB, receptor expression
and impaired eCB-eLTD at the MPP-granule cell synapses. Con-
versely, inhibition of the monoacylglycerol lipase (MAGL) rescued the
recognition memory impairments in these animals.

MATERIALS AND METHODS

Animals

Three-week-old male mice (C57BL/6J; Janvier Labs) were housed in
pairs of littermates in standard Plexiglas cages (17 x 14.3 X 36.3 cm)
and allowed to habituate to the environment for at least 1 week
before experimental procedures were initiated. All animals were
maintained at approximately 22°C with a 12:12h light:dark cycle
(red light on at 9:00 a.m.). Mice had ad libitum access to food
throughout all experiments and water except during EtOH access, as
noted later. The protocols for animal care and use were approved by
the Committee of Ethics for Animal Welfare of the University of the
Basque Country (CEEA/M20/2016/073; CEIAB/2016/074) and were in
accordance to the European Communities Council Directive of 22nd
September 2010 (2010/63/EU) and Spanish regulations (Real Decreto
53/2013, BOE 08-02-2013). Great efforts were made in order to
minimize the number and suffering of the animals used.

Drinking in the dark procedure

Adolescent mice (postnatal day (pnd) 32-56) were randomly
assigned to either the water or EtOH experimental group. Mice
were subjected to a 4-day DID procedure [38], for a total of
4 weeks. Each week, animals were weighed 1 h before lights out on
days 1-4. On days 1-4, starting 3 h into the dark cycle, all animals
were housed individually in standard Plexiglas cages and were
provided with a single bottle of EtOH [20% EtOH (v/v) prepared
from EtOH 96% (Alcoholes Aroca S.L., Madrid, Spain)] or tap water
for 2 h on days 1-3 and for 4 h on day 4. The EtOH exposure was
followed by 3 days abstinence (see Fig. 1a for details of
experimental schedule). All animals were given ad libitum access
to tap water during the three abstinent days. This schedule was
repeated each week for 4 weeks. All animals were pair housed on
abstinence and on post-drinking days. To ensure that the effects
were the result of voluntary EtOH intake, the amount of EtOH
ingested by animals throughout the treatment was measured (see
Mathematics and Equations section for more details). Daily
drinking amounts over the 4-week DID (Fig. 1b) and the total
EtOH intake (g/kg/h) averaged 2.19+0.10g/kg/h (Fig. 1c). In
addition, a blood sample from the lateral tail vein was collected
only once 30 min after the last 4-h-EtOH exposure on day 4 of the
last week to EtOH access using a capillary tube (Sarstedt, Germany).
This blood was subsequently analyzed for EtOH concentration
using an EtOH Assay Kit (Sigma-Aldrich) and yielded an average of
62.67 +2.67 mg/dl| [Fig. 1d, (n = 12) unpaired t-test; ***p < 0.0001].
The correlation between total EtOH intake throughout adolescence
period and BEC measured at the end of the EtOH access was also
calculated (Fig. 1e). Following the 4 weeks, the animals were in
abstinence and all given ad libitum access to tap water until their
euthanasia at adulthood (pnd 74-78).

SPRINGERNATURE

Novel object-recognition test and MAGL inhibitor treatment
During the last days of abstinence, cognitive function was
evaluated using the novel object-recognition (NOR) test (see
Fig. 1a). This was conducted in a square-shaped open field (40 x
40 x 40 cm) made out of white Plexiglas. Sham and EtOH-treated
animals (pnd 69-70) were subjected to a 2-day habituation
period, followed by the training and test session on the third
day (pnd 71) (modified from ref. [39]). The MAGL inhibitor,
JZL184, or the vehicle solution alone was injected intraperito-
neally (8 mg/kg) during 4 days before and in the day of the test
session (pnd 67-71; see Fig. 1a). Short-term memory was tested
2h after the training session. A discrimination index was
calculated as the difference in exploration time between novel
and familiar object divided by the total exploration time with
both objects (see Mathematics and Equations section for more
details).

Slice preparation and extracellular field recordings

Adult C57BL/6J (pnd 74-78) were anesthetized by inhalation of
isoflurane and their brains were rapidly removed and placed in a
sucrose-based solution at 4°C that contained (in mM): 87 NaCl,
75 sucrose, 25 glucose, 7 MgCl,, 2.5 KCl, 0.5 CaCl,, and 1.25
NaH,PO,. Coronal sections (300-um-thick) were cut with a vibratome
(Leica Microsistemas S.L.U.), then were recovered at 32-35°C and
superfused (2 mL/min) in the recording chamber with artificial
cerebrospinal fluid (ACSF) containing (in mM): 130 NaCl, 11 glucose,
1.2 MgCl,, 25 KCl, 24 CaCl, 1.2 NaH,PO,; and 23 NaHCO;,
equilibrated with 95% O,/5% CO,. All experiments were carried out
at 32-35 °C. The superfusion medium contained picrotoxin (100 uM)
to block GABA, receptors. All drugs were added to their final
concentration in the superfusion medium.

For extracellular field recordings, a glass recording pipette was filled
with ACSF. The stimulation electrode was placed in the MPP and the
recording pipette in the inner 1/3 of the DGML (mossy cell fiber layer)
(Fig. 1f). See Supplementary Materials and Methods for details. A
low frequency stimulation (LFS, 10 min at 10 Hz) protocol was applied
to induce eCB-eLTD of glutamatergic inputs following recording of a
steady baseline in the presence of drugs [40, 41].

The fEPSP slope, area, and amplitude were measured (graphs
depict area). MPP stimulation was confirmed by the activation of
group Il mGluRs. Consistent with previous reports [42-44], 1 uM of
LY354740 strongly reduced MPP-fEPSPs by 53.58 + 13.16% 10 min
after drug application (n = 4, ***p < 0.0001; Fig. 1f). The magnitude
of the eCB-eLTD after LFS stimulation was calculated as the
percentage change between baseline (averaged excitatory
responses for 10 min before LFS) and last 10 min of stable
responses, normally at 30 min after the end of the LFS. The slices
used for each experimental condition (n) were obtained from at
least three mice.

Electron microscopy

Adult C57BL/6J and global CB; receptor knockout (CB;-KO) mice
(n=3, pnd 76) were deeply anesthetized with ketamine/xylazine
(80/10 mg/kg body weight) and transcardially perfused at room
temperature (RT, 20-25°C) with phosphate-buffered saline (PBS,
0.1 M, pH 74) and then fixed with 300 ml of 4% formaldehyde
(freshly depolymerized from paraformaldehyde), 0.2% picric acid,
and 0.1% glutaraldehyde in phosphate buffer (PB) (0.1 M, pH 7.4)
prepared at 4°C. Coronal hippocampal vibrasections were cut at
50 um and collected in a 0.1 M PB (pH 7.4) at RT. A pre-embedding
silver-intensified immunogold method was used for the localization
of the CB, receptor protein [24, 45]. See Supplementary Materials
and Methods for details.

Semi-quantification analysis

Receptor density was performed according to the protocol by
Puente et al. [45]. See Supplementary Materials and Methods for
details.

Neuropsychopharmacology (2020) 45:309-318
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Experimental timeline, voluntary oral EtOH consumption, BEC, and correlation between total EtOH intake and BEC. a EtOH-exposed

mice had free EtOH access [20% (v/v)] during 4 weeks in the adolescence (pnd 32-56). Each week, the mice were exposed to 2 or 4 h of free
EtOH access, as required. After 2 weeks of withdrawal (i.e. during adulthood), 42 animals (13 per experimental group) were treated with
JZL184 or vehicle for five consecutive days (pnd 67-71), and subjected to the NOR test the last 3 days of JZL184 treatment (pnd 69-71). The
remaining animals were sacrificed for electrophysiology, anatomy, biochemistry, and molecular techniques in adulthood (pnd 74-78). b Daily
EtOH intake during DID [grams of EtOH per kilogram per 2 or 4 h (9/kg/2 or 4 h)]. ¢ Total EtOH intake (g/kg/h) during adolescence (pnd 32-56)
and d BEC (mg/dL) of C57BL/6J mice at the last day of EtOH treatment (pnd 56). e Correlation between total EtOH intake throughout
adolescence period and BEC measured at the end of the EtOH access. f Left: Stimulating electrode (S) placed in the middle 1/3 of the DML to
stimulate MPP. R recording electrode, GC granule cells, MCF mossy cell fibers, LPP lateral perforant path. Right: Time course of LY354740
[1 pMl-induced inhibition of evoked fEPSP after MPP stimulation (filled circles) normalized to baseline. All data are expressed as mean + SEM.

Unpaired t- test; ***p < 0.001

RNA isolation and gRT-PCR analysis

Total RNA was extracted from the mouse hippocampus (~25-50 mg)
by using the Trizol method, as previously described [46, 47].
See Supplementary Materials and Methods for details.

Hippocampal membrane preparation

Western blots of Gai/o subunits and [>°S] GTPyS binding assays
were performed using mouse hippocampal membranes (P2
fraction). See Supplementary Materials and Methods for details.

Protein determination by western blot assays

Western blot experiments of Gai/o subunits were performed as
previously described [48] with minor modifications (see Supple-
mentary Materials and Methods).

[3°S] GTPyS-binding assays

The [**S] GTPyS-binding assays were performed following the
procedure described elsewhere [49] (see Supplementary Materials
and Methods).

Neuropsychopharmacology (2020) 45:309-318

Measurement of hippocampal endogenous 2-AG and arachidonic
acid levels by liquid chromatography tandem mass spectrometry
(LC/MS)

The determination of the endogenous 2-AG and arachidonic acid
(AA) levels was carried out as described by Schulte et al. [50] with
minor modifications [51] (see Supplementary Materials and
Methods).

Experimental design and statistical analysis

All values are given as mean + standard error of the mean (SEM)
with p values and sample size (n). Shapiro-Wilk and
Kolmogorov-Smirnov tests were used to confirm normality of
the data. Statistical significance between groups [sham versus (vs)
EtOH-treated mice] was tested using parametric or non-
parametric two-tailed Student’s t-test, as required. Data obtained
from NOR test were analyzed using a one-way analysis of variance
(ANOVA). The significance level was set at p<0.05 for all
comparisons. All statistical tests were performed with GraphPad
Prism (GraphPad Prism 5).
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Fig. 2 EtOH intake during adolescence impairs adult CB; receptor-mediated excitatory transmission and eCB-eLTD at MPP synapses.
a Input-output curves where mean fEPSP areas (mv/ms) are plotted against the stimulation intensities in hippocampal slices of sham
(whitecircles) and EtOH mice (black circles). Mann-Whitney U test; *p < 0.05 vs sham. b The CB; antagonist AM251 (4 uM, white circles) does
not change the area of the fEPSP in sham or EtOH-treated mice (black circles). ¢ CP 55.940 (10 pM, white circles) reduces the fEPSP in sham but
not in EtOH-treated mice (black circles). d Summary bar graph of the experiments performed: baseline, sham + CP 55.940 [10 uM], EtOH + CP
55.940 [10 pM], EtOH + Win-2 [5 uM]. Numbers in the bars are individual transmission experiments. Data are expressed as mean + SEM.
Mann-Whitney U test, p > 0.05; *p < 0.05; ***p < 0.001 vs baseline. e LFS (10 min, 10 Hz) triggers eCB-eLTD in sham (white circles) but not in
EtOH group (black circles). Data are expressed as mean = SEM. Mann-Whitney U test, p > 0.05; *p < 0.05 vs baseline. f Summary bar graph of
eCB-eLTD experiments performed: sham, sham + AM251 and EtOH. Numbers in the bars are individual experiments. Data are expressed as

mean = SEM. Mann-Whitney U test *p < 0.05

Drugs and chemicals
CP 55.940, Win 55,212-2 (Win-2), AM251, URB 597, JZL184, AM404,
and picrotoxin were obtained from Tocris BioScience (Bristol, UK).
JZL184 was administered in a volume of 10 mL/kg, dissolved in
15% dimethyl sulfoxide (DMSO; Sigma-Aldrich):4.25% polyethy-
lene glycol 400 (Sigma-Aldrich):4.25% Tween-80 (Sigma-
Aldrich):76.5% saline.

2-AG and AA and their deuterated analogs, 2-AG-d5 and AA-d8,
used for LC/MS determinations were obtained from Cayman
Chemicals.

RESULTS

Adolescent EtOH intake impairs adult CB, receptor-mediated
excitatory transmission and eCB-eLTD at MPP-granule cell
synapses

The input-output relationships between fEPSPs slope relative to
stimulus intensity revealed a significant decrease in the slope of
the fEPSP for EtOH-exposed animals (*p < 0.05 vs sham) (Fig. 2a, A')
suggesting that adolescent EtOH consumption affects basal
synaptic transmission in the adult. This decrease could be due to
an increase in eCB-signaling during or after EtOH consumption. To
test if this decrease in synaptic efficacy was due to the activation of
CB, receptors by a different type of eCBs present in sham vs EtOH-
treated mice, we used the CB,; receptor antagonist AM251. We
found that AM251 [4 uM] had no significant different effect on the
fEPSP amplitude of sham and EtOH-treated mice (Fig. 2b). On the

SPRINGERNATURE

other hand, the CB; receptor-induced suppression of the fEPSP
normally observed at MPP-granule cell synapses in sham mice [41]
was not observed in EtOH-treated mice after withdrawal [Fig. 2¢, d:
CP 55.940, 10 uM: (n =8) 110.3 +7.25 % of fEPSP; Mann-Whitney
U test; p = 0.08 vs baseline and Win-2, 5 uM: (n =7) 104.7 + 7.08%
of fEPSP Mann-Whitney U test; p =0.9273 vs baseline]. Further-
more, the eCB-eLTD elicited by MPP stimulation (10 Hz/10 min) was
abolished by the CB; receptor antagonist, AM251 [(4 uM: (n = 4)
103.9 £ 9.71% of fEPSP; Mann-Whitney U test; p = 1.00 vs baseline]
as previously described [41] (Fig. 2e, f). Remarkably, eCB-eLTD was
absent in EtOH-treated mice [Fig. 2e, f (n=16) 103.1+2.77% of
fEPSP; Mann-Whitney U test; p =0.1704 vs baseline] that could
relate to the decreased fEPSPs observed in EtOH (Fig. 2a, A').
Altogether, these findings demonstrate that chronic exposure to
EtOH during adolescence has long-term impacts on the CB;-
receptor-mediated excitatory synaptic transmission and eCB-eLTD
at the MPP-granule cell synapses in the mature brain.

Adolescent EtOH intake induces significant changes in gene and
protein expression of the eCB system in the mature hippocampus
The expression of both the CB; receptor gene, CNRT [Fig. 3a
(n = 16) unpaired t-test; **p = 0.005] and its protein [Fig. 3a (n = 8)
unpaired t-test; *p =0.035] [Figs. S1 and S2] was significantly
reduced after EtOH exposure during adolescence followed by
2 weeks of EtOH withdrawal. In contrast, a significant increase in
the MAGL gene, MGLL [Fig. 3a (n=16) unpaired t-test;
**p=0.003] and its protein [Fig. 3a (n=8) unpaired t-test;

Neuropsychopharmacology (2020) 45:309-318
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(MmRNA: unpaired t-test; **p < 0.01; protein: unpaired t-test; **p < 0.01), relative GRM5 mRNA and mGIuR5 protein (mRNA: unpaired t-test; *p <
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and relative FAAH mRNA and NAPE-PLD mRNA in adult hippocampus of sham and EtOH-treated mice during adolescence (unpaired t-test;
p > 0.05); numbers in the bars are individual experiments. b 2-AG and AA levels in individual homogenates from hippocampal brain samples
(Mann-Whitney U test; p > 0.05; **p = 0.008). ¢ Computer-assisted curve fitting of CP 55.940-stimulated [>°S] GTPyS binding in hippocampal
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hippocampal membrane samples from sham and EtOH. The number of samples analyzed is in parentheses on the lower aspect of each label.

t-test with Welch’s correction; p > 0.05; *p < 0.05. All data are expressed as mean + SEM

**p =0.0012] [Figs. S1 and S2] relative to sham was detected. In
addition, mGIuR5 mRNA was significantly decreased upon
adolescent exposure to EtOH [Fig. 3a (n=8) unpaired t-test;
*p = 0.03] but no significant changes were observed in protein
levels [Fig. 3a (n=5) Mann-Whitney U test; p=0.31]. Further-
more, the DAGL-a and DAGL-3 genes encoding for the DAGL-a and
DAGL-3 enzymes [Fig. 3a (n=16) unpaired t-test; p=0.76, and
p =0.44, respectively]l, and the NAPE-PLD and FAAH mRNAs
[Fig. 3a (n = 16) unpaired t-test; p=0.19; p = 0.053, respectively]
did not show any significant change as a result of the adolescent
EtOH exposure.

Adolescent exposure to EtOH alters endogenous AA levels and CP
55.940-stimulated [**S] GTPyS binding in adulthood

The endogenous 2-AG and AA levels were assessed by LC/MS. In
the sham hippocampus, basal 2-AG was 6.92 + 0.42 nmol/g and
in the EtOH group it was 6.65+0.84 nmol/g [Fig. 3b (n=15)
Mann-Whitney U test; p = 0.55]. In contrast, AA levels in the sham
were significantly lower (21.18 £ 1.79 nmol/g) than in the hippo-
campus of the EtOH-treated mice (76.30 £ 4.61 nmol/g) [Fig. 3b
(n =5) Mann-Whitney U test; **p = 0.008].

[3°S] GTPyS-binding assays were performed with the CB;
receptor agonist CP 55.940 in hippocampal membranes obtained
from both sham and EtOH-treated mice. As shown in Fig. 3¢, CP
55940 was able to stimulate [**S] GTPyS binding in a
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concentration-dependent manner in both cases without signifi-
cant differences in efficacy (Emax) [Fig. 3d (n =4) Mann-Whitney
U test; p =0.25]. However, the potency of CP 55.940-stimulated
13°S] GTPyS binding was three- to four-fold higher in sham than
in EtOH-treated mice (ECso) [Fig. 3d (n=4) 45.7+13.2nM and
148.5 £ 24.1 nM, respectively; Mann-Whitney U test; **p = 0.008].
Furthermore, a significant reduction (~18%) in [>°S] GTPyS basal
binding was observed in hippocampal membranes of EtOH-
treated mice [Fig. 3d; inset of the Fig. 3¢ (n =4) Mann-Whitney
U test; *p =0.02].

In order to evaluate whether the changes observed in [*°S]
GTPyS-binding assays were related to any alteration in G-protein
expression, the relative expression levels of different Gai/o
subunits were determined by western blotting. No differences in
the Gao, Gail, and Gai3 subunits were found between sham and
EtOH-treated mice [Fig. 3e (n = 2-3) t-test with Welch’s correction;
p =0.09]. However, the Gai2 subunit showed a significant (16%)
decrease in hippocampal membranes of EtOH-treated mice
relative to sham [Fig. 3e (n=3) t-test with Welch’s correction;
*p = 0.029].

Subcellular localization of CB; receptors in the adult dentate MPP
termination zone after chronic EtOH exposure during adolescence
CB; receptor immunogold particles in the middle 1/3 of the DGML
of sham and EtOH-treated mice were mainly localized to inhibitory
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Fig. 4 Ultrastructural localization of CB; receptors in the middle 1/3 of the DGML. a-d CB, receptor immunogold labeling (black arrows) is
observed on both excitatory terminals (ter) forming asymmetric synapses (white arrowheads) with dendritic spines (sp) and on inhibitory
preterminals (preter) in sham and EtOH-treated mice. Scale bars: 0.5 pm. e Only residual CB; receptor immunolabeling was detected in CB;-KO.
Scale bars: 0.5 pm. f Proportion of CB; receptor labeling in different compartments normalized to the total CB, receptor signal in sham and
EtOH-treated mice. g Percentage of CB,; receptor-immunopositive excitatory synaptic terminals in sham, EtOH, and CB;-KO. The number of
synaptic terminals analyzed is in parentheses on the top of each column. h CB; receptor density (particles/um) in CB; receptor positive
excitatory terminals in sham and EtOH-treated mice. The number of synaptic terminals is in parentheses on the top of each column. Data are
expressed as mean + SEM. Unpaired t-test or Mann-Whitney U test, p > 0.05; *p < 0.05; ***p < 0.001

and excitatory axon terminals forming synapses with dendrites
and dendritic spines, respectively (Fig. 4a—d). The CB; receptor
immunolabeling was absent in the global CB;-KO mice (Fig. 4e)
demonstrating the specificity of the anti-CB; receptor antibody
used.

To determine whether adolescent EtOH intake caused a global
change in CB, receptor expression in the mature hippocampus,
the CB, receptor immunoparticle distribution (% of CB; immuno-
particles distributed in different compartments taken from the
total CB; particles counted in the middle 1/3 DGML) was
compared between sham and EtOH-treated mice. The values in
sham mice were: excitatory terminals (14.56 + 2.45%), inhibitory
terminals (46.08 + 4.96%), mitochondria (11.65 + 1.31%), dendrites
(10.69 * 1.35%), other membranes (17.02 + 2.26%). In EtOH-treated
mice: excitatory terminals (9.52+0.93%), inhibitory terminals
(49.70 + 5.08%), mitochondria (11.80 + 1.38%), dendrites (12.84 +
1.54%), other membranes (17.19+£2.08%) [Fig. 4f (n=3)
Mann-Whitney U test; p = 1.00]. Furthermore, the percentage of
CB; receptor-labeled excitatory terminals was significantly
reduced after EtOH exposure [Fig. 4g (n=3) 17.78 £1.95% in
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EtOH vs 26.98+3.15% in sham; unpaired t-test; *p=0.02].
Excitatory terminals with residual CB; receptor immunolabeling
were negligible in the global CB;-KO mice (Fig. 4g, 2.32 + 0.92%.
Mann-Whitney U test; ***p <0.0001). No statistical differences
were found in CB; receptor immunoparticle density (particles per
pm) between excitatory boutons of sham (0.63 + 0.05) and EtOH-
treated mice (0.58 +0.03) [Fig. 3h (n=3) Mann-Whitney U test;
p=0.22).

Enhancement of 2-AG signaling normalizes eCB-eLTD in EtOH-
treated mice

Bath application of JZL184 [50 uM, >1 h] rescued eCB-eLTD in
EtOH-treated mice [Fig. 5a, ¢ (n=14) 84.98 +4.60% of fEPSP;
Mann-Whitney U test; *p = 0.012 vs baseline; **p = 0.004 vs EtOH-
treated mice], indicating that the endogenous 2-AG tone is
affecting eCB-eLTD at MPP synapses following EtOH exposure.
Furthermore, the elLTD restored by JZL184 was CB;-receptor
dependent since AM251 (4 uM) blocked eCB-eLTD [Fig. 5¢c (n =8)
103.6 £6.37% of fEPSP; Mann-Whitney U test; p = 0.88 vs EtOH-
treated mice). However, URB 597 (2 uM, 20 min) did not produce
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Fig.5 Enhancement of 2-AG signaling normalizes eCB-eLTD and reverses adult cognitive impairment in EtOH-treated mice. a Time course plot
of average fEPSP areas upon application of the LFS (10 min at 10 Hz) in sham (white circles), EtOH-treated (black circles), and EtOH-treated
mice with MAGL inhibitor (JZL184, 50 uM, >1 h, gray circles). JZL184 recovers eCB-eLTD in EtOH-treated animals. Data are expressed as mean +
SEM. Mann-Whitney test, p > 0.05; *p < 0.05 vs baseline. b Time course plot of average fEPSP areas upon application of the LFS protocol in
sham (white circles), EtOH-treated (black circles), and EtOH-treated mice with the FAAH inhibitor URB 597 (2 uM, >20 min, gray circles). URB
597 has no effect on the loss eCB-eLTD after EtOH exposure. Data are expressed as mean + SEM. Mann-Whitney U test, p > 0.05; **p < 0.01 vs
baseline. ¢ Summary bar graph of the experiments performed: sham, EtOH, EtOH + JZL184 [50 pM, >1 h], EtOH+ (JZL184 + AM251) cocktail
[JZL184: 50 uM, >1 h; AM251: 4 uM, >30 min], EtOH 4+ URB 597 [2 pM, >20 min] and EtOH + AM404 [30 uM]. Numbers in the bars are individual
experiments. All data are expressed as mean + SEM Mann-Whitney U test, p>0.05; **p <0.01 vs sham. d Discrimination index of each
experimental group in 10 min testing session of the NOR test. e Exploration time (seconds) of objects in the 10 min test session. Each bar

represents the mean + SEM (n = 13). One-way ANOVA and Bonferroni’s Multiple Comparison Test if required; p > 0.05; ***p < 0.001

any changes in the evoked fEPSP [Fig. 5b, c (n =5) 102.9 + 3.95%
of fEPSP; Mann-Whitney test; p = 0.90 vs EtOH-treated mice]. Also,
the anandamide transporter inhibitor, AM404 (30 uM) did not elicit
eCB-eLTD [Fig. 5¢ (n=5) 114.8+4.23%; Mann-Whitney U test,
p=0.22 vs baseline; p=0.06 vs EtOH-treated mice]. These
findings reveal that the pharmacological blockade of 2-AG
degradation rescues eCB-eLTD in adult MPP-granule cell synapses
after adolescent EtOH exposure.

JZL184 reverses cognitive impairment induced by EtOH treatment
In the NOR test, adult mice treated with EtOH during adolescence
showed a much lower short-term memory discrimination index
than the sham [Fig. 5d (n = 13) Bonferroni’s Multiple comparison
test; ***p < 0.001], as shown previously by Vetreno and Crews [10].
However, systemic JZL184 administration (8 mg/kg ip) vastly
improved the discrimination index and restored memory con-
solidation to sham values [Fig. 5d (n = 13) Bonferroni's multiple
comparison test; ***p <0.001]. No differences in the total
exploration time were observed among the experimental groups
[Fig. 5e (n = 13) one-way ANOVA, p = 0.60].

DISCUSSION

The novelty of our findings resides in that EtOh intake during
adolescence (binge drinking model) causes a severe and selective
long-lasting reduction in CB, receptors localized on the excitatory
MPP synaptic terminals (but not on other subcellular compart-
ments in the middle 1/3 of the DGML) of the adult mouse
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hippocampus that associates with loss of eCB-eLTD at the MPP
synapses and recognition memory impairment. Interestingly, both
synaptic plasticity and memory can be rescued by increasing the
endogenous 2-AG. Alterations in eCB metabolism and signaling
pathways during critical periods of brain development cause long-
lasting behavioral abnormalities that can be detected into
adulthood [52, 53]. EtOH consumption alters eCB-dependent
synaptic plasticity leading to long-term cognitive impairments
[9, 38, 54-58]. Reciprocally, the eCBs play a pivotal role in the EtOH
drinking behavior and in the development of alcoholism [57, 59]
but it prevents, at the same time, the potentiation of GABA release
and glutamatergic transmission elicited by EtOH [60-62]. The
findings of our study demonstrated that chronic EtOH intake
during adolescence severely disrupts CB; receptor-mediated
excitatory transmission and long-term plasticity in adult MPP-
granule cell synapses resulting in memory impairment. This is
particularly intriguing that the effects of chronic EtOH intake
during adolescence are strikingly long lasting. Moreover, the
amount consumed and BEC achieved by the mice are fairly
modest, indicating that large amounts of EtOH are not necessary
in order for lasting effects on the eCB system to be achieved.

Long-term effects of EtOH intake during adolescence

The disruption of the adult CB; receptor-mediated excitatory
transmission and eCB-eLTD after adolescent EtOH intake is
supported by previous findings [35, 63-65]. Furthermore, the
absence of eCB-eLTD in our study was associated with a defect in
recognition memory in adulthood. A reduction in neurogenesis
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[10, 66], an increase in neuroinflammation [67, 68], or an increase
in neurodegeneration [69] might be playing a role in the memory
deficits observed. However, it turns out that the recognition
memory impairment shown in the model of binge drinking
applied in this study correlates with a cannabinoid signaling
disturbance, as the loss of excitatory synaptic plasticity and NOR
deficits were reversible by MAGL inhibition. These results are
consistent with previous studies supporting a role of 2-AG in NOR
[70-72]. Moreover, these changes were correlated with a
significant decrease in the relative CB; receptor mRNA and
protein, as shown before [27, 30, 73], as well as by a significant
decrease in the amount of CB; receptor immunoparticles in
excitatory terminals and astroglia in the CA1 hippocampus [38]. In
the present study, CB; receptor immunolabeling decreased by
34% in excitatory terminals and the proportion of CB; receptor
immunopositive excitatory boutons decreased by 35% in the
DGML middle 1/3 of EtOH-treated versus sham; no changes in the
CB, receptor expression were detected in other subcellular
compartments. Hence, the CB,; receptor reduction in excitatory
terminals could account for at least part of the deficits in the adult
eCB-eLTD after adolescent EtOH intake.

CB; receptors located on glutamatergic synapses are tightly
coupled to G-protein signaling [74]; thus, CB; receptor signaling
might also be affected by EtOH intake in the adolescence. We
found a significant reduction in CP 55.940 potency for stimulating
[3°S] GTPYS binding and [>°S] GTPYS basal binding that agrees
with the decrease in CB; receptor binding [27, 29] and G-protein
cycling after EtOH [75]. Furthermore, we also detected a specific
reduction in the Gai2 subunit that might be responsible for the
observed reduction in [*>S] GTPyS basal binding and the
impairment in CB; receptor signaling, which may be related to
the absence of eCB-eLTD and deficits in the NOR test in the EtOH-
treated mice. In fact, a lack of Gai2 subunit leads to abnormalities
in learning efficiency, sociability and social recognition [76]. As a
compensatory mechanism, there was an increase in MAGL in our
EtOH model, as shown by others [53], but no changes in the 2-AG
biosynthetic enzyme mRNA expression were detected. Conse-
quently, 2-AG levels were expected to decrease in animals
exposed to EtOH and, curiously, there were no changes in 2-AG
levels after withdrawal. However, a substantial increase in AA was
noticed, suggesting that 2-AG increased during or after EtOH
exposure [77] that could eventually be normalized by more 2-AG
degradation through the increase in MAGL activity. A hypothetical
fluctuation in 2-AG levels might be explaining the decrease in
fEPSP slope in EtOH-exposed animals. It would be very interesting
to test in the future how repeated JZL184-treatment impacts on
the EtOH fEPSP. The increase in AA levels in EtOH might also be
pointing to changes in anandamide. However, we were not able
to observe any variation in the expression of NAPE-PLD and FAAH
mRNAs in EtOH-exposed mice suggesting that anandamide was
not being primarily altered in our model of adolescent binge
drinking. Furthermore, the anandamide increase by the FAAH
inhibitor URB597 was unable to rescue LTD in EtOH-treated mice.

The adolescent EtOH impairs NOR memory after cessation of
consumption, as previously shown [78-80], which could be
attributable to its effects on developing hippocampal, parahippo-
campal, and neocortical structures leading to a deficit in
recognition memory formation [81]. Interestingly, MAGL inhibition
was able to overcome the functional and behavioral disturbances
induced by EtOH, most likely due to the increase in 2-AG. Actually,
pharmacological or genetic ablation of MAGL have been shown to
enhance long-term synaptic plasticity, improve cognitive perfor-
mance through CB; receptor-mediated mechanisms, suppress
neuroinflammation, and prevent neurodegeneration after harmful
insults [82, 83]. Thus, upon agonist (2-AG)-induced stimulation of
Gai/o subunits, inhibition of MAGL could overcome the loss of CB,
receptors in glutamatergic terminals due to the high coupling
efficiency of this CB; receptor population [74], leading to

SPRINGERNATURE

functional (eCB-eLTD) and behavioral (recognition memory)
recovery in adult mice after EtOH treatment during adolescence.
MAGL inhibition in vivo may primarily act by suppressing GABAA
receptor-mediated inhibition; therefore, CB; receptors localized in
GABAergic terminals might also be contributing indirectly to the
eCB-eLTD recovery in EtOH-treated mice.

Taken together, the increase in MAGL activity, the decrease in
CB; receptors in excitatory terminals, and their loss of efficacy
could be underlying the absence of eCB-eLTD at the MPP-granule
cell synapses and the memory impairment observed in mature
mice after EtOH exposure during adolescence. The present results
offer future investigations oriented to the search for new therapies
to minimize the potential consequences in adulthood of binge
EtOH intake during early periods of life.
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