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Abstract
Rationale Binge drinking during adolescence impairs learning and memory on the long term, and many studies suggest a 
role of neuroinflammation. However, whether neuroinflammation occurs after the very first exposures to alcohol remains 
unclear, while initial alcohol exposure impairs learning for several days in male rats.
Objectives To investigate the role of neuroinflammation in the effects of only two binge-like episodes on learning and on 
neuronal plasticity in adolescent male rat hippocampus.
Methods Animals received two ethanol i.p. injections (3 g/kg) 9 h apart. Forty-eight hours later, we recorded long-term 
depression (LTD) and potentiation (LTP) in CA1 area of hippocampus slices. In isolated CA1, we measured immunolabelings 
for microglial activation and Toll-like receptor 4 (TLR4) and mRNA levels for several cytokines.
Results Forty-eight hours after the two binges, rats performed worse than control rats in novel object recognition, LTD was 
reduced, LTP was increased, and excitatory neurotransmission was more sensitive to an antagonist of the GluN2B subunit 
of the NMDA receptor. Exposure to ethanol with minocycline or indomethacin, two anti-inflammatory drugs, or with a 
TLR4 antagonist, prevented all effects of ethanol. Immunolabelings at 48 h showed a reduction of neuronal TLR4 that was 
prevented by minocycline pretreatment, while microglial reactivity was undetected and inflammatory cytokines mRNA 
levels were unchanged.
Conclusion Two binge-like ethanol exposures during adolescence in rat involved neuroinflammation leading to changes in 
TLR4 expression and in GluN2B functioning inducing disturbances in synaptic plasticity and cognitive deficits. Anti-inflam-
matory drugs are good candidates to prevent brain function and memory deficits induced by few binge-drinking episodes.
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Introduction

Binge drinking behavior consists in repeated cycles of 
alcohol intoxication episodes that brings blood alcohol 
level to 0.08  g/L in 2  h, and abstinence (Rolland and 
Naassila, 2017; Courtney and Polich 2009; Maurage et al. 
2020). This pattern is common practice in adolescents 
and young adults, while the brain is not mature (Gogtay 
et al. 2004) and vulnerable to ethanol (Spear 2018). Both 
clinical and preclinical studies demonstrated memory 
impairments (Oliveira et  al. 2015; Carbia et  al. 2017; 
Smith et al. 2017; Gierski et al. 2020) in adolescent binge 
drinkers (Nagel et al. 2005), adult heavy drinkers (Beres-
ford et al. 2006) and young adult rats exposed to long 
sequence of repeated binge drinking (Oliveira et al. 2015; 
Swartzwelder et al. 2014; Risher et al. 2015). Interestingly, 
such effects of ethanol have been associated with a smaller 
hippocampus in young binge drinker (Nagel et al. 2005). 
Despite the known memory impairments after alcohol 
exposure, the cellular mode of action of ethanol is not yet 
fully understood. Moreover, few information is available 
regarding the consequences of the very first binge drinking 
episodes, while these episodes might define the fundamen-
tal steps leading to long-lasting memory disturbances and/
or alcohol addiction in adulthood after a history of binge 
drinking (Alaux-Cantin et al. 2013; Tavolacci et al. 2019). 
One of the current hypotheses on the mechanisms of action 
of ethanol is binge drinking-induced neuroinflammation 
(Pascual et al. 2018). More precisely, intermittent alcohol 
exposure for 30 days during adolescence in rat is associ-
ated with an increase of TLR4 expression during adult-
hood notably in the hippocampus and accompanied with 
cognitive dysfunction (Vetreno and Crews 2015). Post-
mortem analysis of brain from alcoholic patients indi-
cated the presence of chronic neuroinflammation through 
increased neuroimmune signaling protein expressions such 
as Toll-like receptors (TLR) 2, 3 and 4 in the orbitofron-
tal cortex (Crews et al. 2013). Interestingly, however, one 
binge drinking episode in humans is associated with a tran-
sient increase of TNF-α, a pro-inflammatory cytokine, in 
the blood 20 min after alcohol consumption (Afshar et al. 
2015), suggesting an early and transient inflammation due 
to binging. Therefore, and in contrast to a chronic state 
of neuroinflammation measured after a history of binge 
drinking, it is possible that neuroinflammation is triggered 
during each intoxication, disappearing during recovery of 
the subject from alcohol intoxication. Thus, whether the 
first exposures to ethanol binge induce neuroinflammatory 
processes that may lead to cognitive deficits, as we previ-
ously reported (Silvestre de Ferron et al. 2015), is unclear.

The cellular mechanisms of learning and memory 
involve bidirectional plasticity in the hippocampus, that 

is long-term depression (LTD) and long-term potentia-
tion (LTP). These signals can be measured either at the 
somatic level, revealing changes in cellular excitability, 
or at the dendritic level demonstrating the modulation 
of synaptic transmission. Importantly, both somatic and 
synaptic plasticity accompanied learning (Moser 1995) 
and modulation of some specific somatic transmem-
brane currents may affect synaptic function involved in 
learning and memory (Yang et al. 2014). Furthermore, 
GABA receptors density is higher at the soma and these 
receptors are one of the targets of ethanol. Therefore, 
measuring somatic and synaptic plasticity may inform 
on the mode of action of ethanol, i.e., whether ethanol 
preferentially changes cellular excitability or synaptic 
function as shown for isoproterenol in the CA1 area 
(Heginbotham and Dunwiddie 1991). Regarding the 
effect of ethanol, LTP is transiently depressed at both 
cellular sites after 2-week intermittent ethanol exposure 
during adolescence (Roberto et al. 2002), whereas noth-
ing is known about LTD. In this context, we previously 
found that the two first episodes of binge drinking in 
adolescent rats evoke transient cognitive impairments 
after 48 h, accompanied with an abolition of somatic 
LTD in CA1 area of the hippocampus and an increase 
in LTP. These effects were further accompanied with 
an overexpression of the GluN2B subunit of the NMDA 
receptor (Silvestre de Ferron et al. 2015; Drissi et al. 
2020). However, we still do not know if synaptic LTD is 
abolished and if neuroinflammation is involved in these 
effects. A role of inflammatory cytokines in ethanol-
induced LTD abolition and overexpression of GluN2B 
is possible. Indeed, neuronal plasticity in the hippocam-
pus is modulated by several chemokines and cytokines 
such as TNF-α (Maggio and Vlachos 2018), IL-1β 
(Ikegaya et al. 2003; Nisticò et al. 2013; Hoshino et al. 
2017), TGF-β or IFN-ϒ produced by activated micro-
glia (Muñoz et al. 2016; Flood et al. 2019). In addition, 
other model of neuroinflammation showed an increase 
in GluN2B subunit (Tang et al. 2020) and inhibiting 
IL-1β signaling restore NMDA-dependent transmis-
sion in some neurodegenerative disease (Bertani et al. 
2017). Here, we hypothesize that two binge-like ethanol 
exposures in adolescent rat disturb the different forms 
of neuronal plasticity in CA1 area and learning at 48-h 
delay because of ethanol-induced inf lammation. To 
check this hypothesis, we treated animals with ethanol 
and anti-inflammatory agents or an antagonist of TLR4 
to prevent the effects of ethanol at behavioral and cel-
lular levels in the hippocampus. In addition, we per-
formed immunohistochemistry and biochemical analy-
ses at 48 h to test whether ethanol-induced disturbances 
involved a long-lasting inflammation.
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Materials and methods

Animals and groups

Late adolescent (45–55 days old; Schneider, 2013) male 
Sprague–Dawley rats received 2 ethanol (EtOH) injec-
tions 9 h apart (3 g/kg, i.p.) leading to blood ethanol con-
tent (BEC) of ca. 200 mg/dl at 30 min (Silvestre de Ferron 
et al. 2015; Drissi et al. 2020). We chose the dose of EtOH 
according to the mean level of BEC measured in French 
emergency hospital unit. The time between injections was 
determined considering the higher rate of ethanol metab-
olization in rodents and the necessity of a period without 
alcohol between binge episodes (Silvestre de Ferron et al. 
2015). We studied only male rats because of the complexity 
of studying synaptic plasticity and alcohol interactions in 
female animals as we previously found (Rabiant et al. 2021). 
Pretreatment with anti-inflammatory-related agents (mino-
cycline, MINO; indomethacin, INDO or TAK-242) was per-
formed 30 min prior to each ethanol administration (Lu et al. 
2017; Vetreno et al. 2018) ( Fig. 1). We tested control group 
(4 saline injections), MINO or INDO or TAK-242 group 
(2 drug + 2 saline injections), EtOH group (2 saline + 2 
ethanol injections) and EtOH + MINO or EtOH + INDO, 
or EtOH + TAK-242 group (2 drug + 2 ethanol injections). 
Experiments were performed 48 h after the first injection fol-
lowing the European Community guiding principles for the 
care and use of animals (2010/63/UE, CE Off. J. October 20, 
2010), the French Decree N° 2013‐118 and the local ethics 
committee rules (CREMEAP, project N° 3829 and 20,838).

Electrophysiology

We used 118 animals for electrophysiology. The brain of 
isoflurane anesthetized rats was immersed in a cutting 
solution (220 mM sucrose, 2 mM KCl, 1.3 mM  NaH2PO4, 
26 mM  NaHCO3, 6 mM  MgCl2, 0.2 mM  CaCl2, 10 mM 
glucose; pH 7.2–7.4; 4 °C). 400-µm-thick dorsal hip-
pocampus slices were prepared (vibratome Leica 

VT1200S, Rueil-Malmaison, France) and stored for 2 h at 
room temperature (RT) in a carbogen (95%  O2, 5%  CO2) 
gassed artificial cerebrospinal fluid (aCSF) composed of: 
125 mM NaCl, 3 mM KCl, 1.25 mM  NaH2PO4, 25 mM 
 NaHCO3, 1.3 mM  MgCl2, 2.3 mM  CaCl2, 10 mM glu-
cose; pH 7.2–7.4. The recording chamber was perfused 
with aCSF (28 ± 1 °C, flow rate: 6 mL/min). The Schaf-
fer collaterals were stimulated using a bipolar tungsten 
electrode (PHYMEP, France), and signals were recorded 
with a 3 M NaCl (1–3 MΩ) filled glass microelectrodes 
placed in the CA1 stratum pyramidale or the stratum 
radiatum. For each slice, an input/output relationship 
determined the maximal response and the test stimulus 
intensity was set to 50–60% of this maximum. For field 
excitatory post-synaptic potentials recording (fEPSPs), 
maximal response was determined at stimulus intensity 
that evoked a population spike into the EPSP. We meas-
ured the amplitude of the population spikes instead of 
the slope of the initial positive signal (EPSP) because 
these parameters are not always changed in the same 
direction (Heginbotham and Dunwiddie 1991) and the 
slope of the dendritic fEPSPs. All signals were amplified 
(Grass amplifier, × 1000‐2000), filtered (1‐3 kHz) and 
recorded on computer with signal software (CED, Cam-
bridge, UK). LTD was induced with 900 paired stimuli 
(200-ms interpulse interval) delivered at 1 Hz (pLFS), 
and LTP was induced with 3 × 1 s stimulation delivered 
at 33 Hz, or 2 × 1 s stimulation at 50 Hz, spaced by 10 s. 
LTP and LTD magnitude was expressed as the percentage 
of change of the response averaged during the last 10 min 
of recording and compared with the normalized baseline 
amplitude. NMDA-fEPSPs were recorded in a low-Mg2+ 
aCSF (0.1 mM  MgCl2) containing CNQX (15 µM) and 
(-)-bicuculline methobromide (20 µM), and a GluN2B 
antagonist was applied (5 µM Ro25-6981). Result was 
expressed as the percentage of slope inhibition in the 
presence of Ro25-6981 and was calculated considering 
the effects of D-AP5 (50 µM), added at the end of record-
ings as 100% of fEPSP inhibition.

Fig. 1  Timeline for experiments 
preventing the effects of two 
binge-like ethanol exposure
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Immunohistochemistry and real‑time PCR

Rats were anesthetized with pentobarbital (60 mg/kg i.p.), 
received heparin (2,500 IU, i.p.) and were transcardially per-
fused with heparinized 0.9% saline and iced 4% paraformal-
dehyde (PFA) in 0.1 M phosphate-buffered saline (PBS, pH 
7.4). Brains were post-fixed in PFA and transferred in a 30% 
sucrose solution. Coronal Sects. (50 µm) were cut along the 
anterior–posterior axis of the CA1 at the Bregma and stored 
at -20 °C in cryoprotective solution (ethylene glycol 30%; 
sucrose 30%, NaCl 0.9%, in PBS 1X).

Iba1 immunofluorescence Brain floating sections were 
washed 3 × 5 min with PBS 1x-T (PBS 0.1 M, 0.2% Triton 
X-100, pH 7.5) and then placed for 1 h at room tempera-
ture (RT) in 5% donkey blocking serum (PBS 0.1 M; 0.1% 
BSA; 0.1% Triton X-100). Sections were incubated at 4 °C 
for 72 h with primary antibody goat anti-Iba1 diluted 1/200 
(ab5076, Abcam). Sections were washed 3 × 5 min with PBS 
1x-0,1% Triton X-10 and were incubated for 1 h at RT in 
AlexaFluor 594 donkey anti-goat secondary antibody (Inter-
chim 705 0.585.147, Interbiotech) diluted 1/250. Following 
4 × 5 min washes with PBS 1x, sections were mounted as 
described previously. For each rat, we analyzed the body cell 
size and the circularity index of 10 CA1 stratum pyramidale 
microglia taken randomly (N = 8 in each groups).

TLR4 and NeuN immunofluorescence Brain floating sections 
were washed 3 × 5 min with PBS 1x-T (PBS 0.1 M, 0.2% 
Triton X-100, pH 7.5), 30 min in methanol with 3%  H2O2, 
washed 2 × 10 min in PBS 1x-T and placed in goat block-
ing serum (PBS 0.1 M; 0.1% BSA; 0.2% Triton X-100; 2% 
Goat serum, Bio West, Cat nº S2000-100) for 30 min at 
RT. Sections were incubated at 4 °C for 48 h with primary 
antibodies rabbit anti-TLR4 (NB56566 Novus bio, France) 
and mouse anti-NeuN (MAB 377 Merck Millipore), diluted 
1: 50 and 1:100 in goat blocking serum, respectively. After-
ward, sections were washed 3 × 5 min with PBS 1x-T and 
incubated for 1 h at RT in AlexaFluor 594 goat anti-rabbit 
IgG secondary antibody solution (111–585-003, Jackson 
ImmunoResearch Laboratories) and AlexaFluor 488 goat 
anti-mouse IgG secondary antibody (115–545-003, Jack-
son ImmunoResearch Laboratories), both diluted 1:250 in a 

solution of blocking serum of goat (Bio West, Cat nºS2000-
100) and horse (Vectastain ABC Kit (Universal) PK-6200). 
Following 4 × 5 min washes with PBS 1x, sections were 
mounted on gelatinized microscope slides and lamellae with 
DAPI (4',6'-diamidino-2-phenylindole) containing mounting 
solution (Life Technologies Prolong Gold P36931). For each 
rats, we chose 15 neurons randomly, in the left and the right 
CA1 stratum pyramidale, and measured the immunofluores-
cence for NeuN and TLR4, and calculated the ratio of the 
labeling. NeuN immunofluorescence was used as normali-
zation, and the ratio represents TLR4 changes. A z-stack of 
seven 2-µm adjacent layers with the highest fluorescence 
intensity was recorded for each field and pooled. Equal sized 
images were recorded from each tissue section with identical 
settings for excitation, detection, objective lens, aperture, 
laser power and photomultiplier gain/offset.

No immunoreactive cells were found when omitting the 
primary antibody; all photographs were taken with an Axi-
oCam camera using confocal microscopy (Zeiss LSM170) 
and analyzed using ImageJ software (National Institute of 
Health, USA) by an experimenter blind to the experimental 
groups.

For RT-qPCR experiments, total RNA was extracted from 
isolated CA1 using ReliaPrep™ RNA Miniprep Systems 
(Promega, Charbonnières-les-bains, France). One micro-
gram of total RNA was reverse transcribed into cDNA with 
multiscribe reverse transcriptase (Applied Biosystems). 
RT-qPCR was performed in triplicate for each sample using 
SYBR Green Supermix (Promega, Charbonnières-les-bains, 
France) for 35 cycles with a 3-step program (10 s of dena-
turation at 95 °C, 15 s of annealing at 60 °C and 20 s of 
elongation at 72°). Amplification specificity was assessed 
with a melting curve analysis, and mRNA levels were calcu-
lated using the  2−ΔΔCT method (Livak and Schmittgen 2001) 
relative to control values after normalization with GAPDH 
mRNA. The primers used are presented in Table 1.

Drugs

Ethanol (VWR, Strasbourg, France) was prepared in saline 
(0.9% NaCl) at a final concentration of 20% according to 
the Gay-Lussac Table. Minocycline hydrochloride (Hello 

Table 1  Primers for 
SYBRGreen RTqPCR

Forward Reverse

HDAC2 5’- GGC CTC AGG ATT CTG CTA CG-3’ 5’- GAC GGT CAT CAC GCG ATC T-3’
TNF-α 5’- CCA CCA CGC TCT TCT GTC TAC-3’ 5’- GGG CCA TGG AAC TGA TGA GA-3’
IL-1β 5’- GAG GCT GAC AGA CCC CAA AA-3’ 5’- TGT CGA GAT GCT GCT GTG AG-3’
IFN-γ 5’- GCC CTC TCT GGC TGT TAC TG-3’ 5’- AGA GGA GGC TCT TTC CTT CCA-3’
TGF-β 5’- GCG GAC TAC TAC GCC AAA GA-3’ 5’- TGC TTC CCG AAT GTC TGA CG-3’
GAPDH 5’- GTT CAA CGG CAC AGT CAA GG-3’ 5’- CGA CAT ACT CAG CAC CAG CA-3’

2248 Psychopharmacology (2022) 239:2245–2262
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Bio, UK) was prepared in saline with gentle warming and 
administered at 45 mg/kg, i.p. (Wang et al. 2015; Haber et al. 
2018). Indomethacin (Hello Bio, UK) was prepared in saline 
containing 2% dimethylsulfoxid (DMSO) and administered 
at 4 mg/kg, i.p. (Pascual et al. 2007; Vetreno et al. 2018). 
TAK-242 (Sigma-Aldrich, France) was dissolved in DMSO 
and diluted in saline (final concentration of DMSO: 1%) 
and used at 3 mg/kg, i.p. (Pascual et al. 2007; Hwang et al. 
2017; Vetreno et al. 2018). 6-Cyano-7-nitroquinoxaline-
2,3-dione (CNQX; Sigma-Aldrich, France) was dissolved 
in DMSO and used at 15 µM final concentration (final con-
centration of DMSO: 0,15%); (-)-bicuculline methobromide, 
D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) and Ro 
25–6981 maleate (Hello Bio, UK) were dissolved in distilled 
water and used at a final concentration of 20, 50 and 5 µM, 
respectively. IL-1β was prepared in distilled water and bath 
applied at 30 ng/mL in aCSF containing 1 µg/mL bovine 
serum albumin (BSA) 30 min before LTD induction (Nisticò 
et al. 2013).

Novel object recognition

Forty rats were handled every day the week preceding the 
experiment and were habituated to the experiment room and 
apparatus 3 times a week. The apparatus was a square box 
made of opaque Plexiglas (45 × 45 × 45 cm) with an open 
top under a 30‐lux illumination. Learning (phase 1) took 
place 48 h after treatments, and rats were transferred to the 
experiment room 30 min prior to the experiment and, then, 
placed into the arena for 10 min with two objects, A and B, 
placed at equal distance from the walls and different in form, 
material, color and too heavy to be moved. We checked for 
absence of spontaneous preference in phase 1. The apparatus 
and objects were cleaned between each animal to avoid bias. 
Recognition (phase 2) was performed 48 h later by replacing 
one familiar object (A or B) by a new one (object C) in a 
5-min session. To counterbalance a possible effect of object 
A over B, the test was performed with object A as the famil-
iar object in half of the cases, and in the other half, the object 
B was the familiar object. Digital video acquisition system 
(Pinnacle Studio HD v.15 software) was used. We measured 
the total exploration time spent on objects in both phase 
(sniffing, licking or touching the objects with forelimbs). 
Analysis was performed on all animals by two independent 
experimenters who were blind to the experimental condi-
tions. An additional check of the video was done in case 
of divergence between the two experimenters. Exploration 
time for an object was normalized and expressed as a per-
centage of time spent by rats on an object compared with 
the total exploration time as follows: time spent on novel 
object (%) = novel object (s) / (novel object (s) + familiar 
object (s)) × 100. Total exploration time (s) was measured 
to reveal a potential effect of treatments on animal’s global 

exploratory activity. Animals that did explored both objects 
for at least 10 s were excluded.

Statistics

All data are expressed as mean ± SEM. For electrophysiol-
ogy, “n” represents the number of slices and “N” the num-
ber of animals. Statistics were conducted using SigmaStat® 
(LogiLabo, Paris, France). A two‐way ANOVA with ethanol 
and minocycline or indomethacin or TAK-242 as factors was 
used for electrophysiology, behavior and immunochemistry. 
Post hoc multiple comparisons were made using a Tukey’s 
test. Learning phase of the NOR and IL-1β effect on LTD 
was tested with an unpaired Student’s t test. We applied a 
one-way ANOVA to RT-qPCR. We used the Shapiro–Wilk 
normality test in all case, and if it failed, we used an ANOVA 
on ranks Kruskal–Wallis test. Statistical significance was set 
at P < 0.05.

Results

Ethanol‑induced memory impairments are 
prevented by minocycline pretreatment

In novel object recognition (NOR, Fig. 2), there was no 
spontaneous preference for the objects during the learning 
phase since no difference in the percentage of time spent 
on each object was found (object A: 48.5 ± 1.3%, N = 32 
vs object B: 51.5 ± 1.3%, N = 32; P = 0.108). Furthermore, 
there was no effect of the treatments on locomotor activ-
ity since ANOVA of the total exploration time showed no 
significant effect of minocycline (F1,30 = 4.065, P = 0.053), 
of EtOH (F1,30 = 0.0177, P = 0.895) and no interaction 
(F1,28 = 0.186, P = 0.67; Fig. 2B). During recognition phase 
(Fig. 2C), a two-way ANOVA showed a significant effect of 
minocycline (F1,30 = 6.974, P = 0.013), no effect of EtOH 
(F1,30 = 1.227, P = 0.277) and an interaction between EtOH 
and minocycline (F1,28 = 6.247, P = 0.019). Post hoc analysis 
(Tukey’s test) revealed no significant difference in the time 
spent on the novel object between control and minocycline 
(NaCl: 59.9 ± 1.4%, N = 8 vs MINO: 60.2 ± 2.3%, N = 9; 
P = 0.918). However, animals treated with ethanol spent 
less time exploring the novel object compared with control 
(EtOH: 52.4 ± 2.63%, N = 6 vs NaCl: 59.9 ± 1.4%, N = 8; 
P = 0.024, Fig. 2C). Minocycline increased the percentage 
of time spent exploring the novel object (EtOH + MINO: 
63.15 ± 1.95%, N = 9 vs EtOH 52.4 ± 2.63%, N = 6; 
P = 0.002) to a value similar to the MINO group (P = 0.299). 
Regarding the total exploration time for phase 2, a two-way 
ANOVA revealed a lack of effect of either minocycline 
(F1,30 = 3.984, P = 0.056), EtOH (F1,30 = 2.464, P = 0.128) 
or their interaction (F1,28 = 0.059, P = 0.81) (Fig. 2C). In 
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summary, learning in NOR is impaired 48 h after two etha-
nol binge-like episodes and minocycline co-exposure pre-
vented this effect.

Anti‑inflammatory agents prevent dendritic 
LTD abolition after ethanol

We recorded dendritic LTD in the stratum radiatum. 
A two-way ANOVA showed an effect of minocycline 
(F1,15 = 17.702, P = 0.001), of EtOH (F1,15 = 8.565, 
P = 0.012) and an interaction (F1,15 = 14.805, P = 0.002). 
Post hoc analysis (Tukey’s test) revealed an abolition 
of LTD after EtOH (EtOH:—4.3 ± 2.3%, n = 5, N = 4 vs 
NaCl:—27.2 ± 3.6%, n = 4, N = 3; P < 0.001, Fig.  3A1-
A2). Minocycline alone had no effect on dendritic LTD 
(MINO:—28.4 ± 3.6%, n = 4, N = 3 vs NaCl:—27.2 ± 3.6%, 
n = 4, N = 3; P = 0.808, Fig. 3A1-A2). Minocycline applied 
before ethanol increased dendritic LTD compared with 
ethanol (EtOH + MINO:—31.5 ± 4.1%, n = 4, N = 2 vs 

EtOH:—4.3 ± 2.3%, n = 5, N = 4; P < 0.001, Fig.  3A1-
A2) and resumed values to minocycline alone (MINO vs 
EtOH + MINO, P = 0.537). In summary, 48 h after two 
ethanol binge-like episodes, dendritic LTD is abolished and 
minocycline prevented this effect.

Minocycline is an antibiotic with anti-inflammatory 
properties. To demonstrate further the involvement of 
inflammation, we tested indomethacin, a non-steroidal 
anti-inflammatory (Fig. 3B). A two-way ANOVA revealed 
a significant effect of both indomethacin (F1,29 = 8.349, 
P = 0.008) and ethanol (F1,29 = 12.451, P = 0.002) and no 
significant interaction (F1,27 = 3.468, P = 0.073). Post hoc 
analysis (Tukey’s test) showed a significant reduction of syn-
aptic LTD after ethanol (EtOH:—11.5 ± 4.2%, n = 7, N = 5 vs 
NaCl:—30.7 ± 4.0%, n = 8, N = 4; P = 0.003, Fig. 3B1-B2). 
Like minocycline, indomethacin alone had no effect on LTD 
compared with control (INDO:—37.4 ± 4.0%, n = 8, N = 3 vs 
NaCl,—30.7 ± 4.0%, n = 8, N = 4; P = 0.241, Fig. 3B1-B2). 
However, it prevented the abolition of synaptic LTD induced 
by ethanol (EtOH + INDO:—33.3 ± 4.0%, n = 8, N = 4 vs 

Fig. 2  The effects of ethanol and minocycline on learning capa-
bility in novel objet recognition (NOR) task. A) NOR protocol. B) 
Time spent on objects A and B during the learning phase (phase 1) 
reveals no spontaneous preference for the presented object (N = 32). 
Below is the total exploration time for each group showing no sig-
nificant differences between groups. C) Top: time spent on the novel 
objet during recognition phase (phase 2). Ethanol (EtOH)-treated ani-

mals spent less time than control (NaCl) animals exploring the novel 
object. Minocycline (MINO) had no effect on novel object recogni-
tion compared to NaCl. Animals who received MINO before EtOH 
spent similar time on the novel object than NaCl animals. Bottom: 
total exploration time during phase 2 showing no effects of any treat-
ments. Mean values are given ± standard error of the mean (SEM). N 
means numbers of animals. *P < 0.05; **P < 0.01
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EtOH:—11.5 ± 4.2%, n = 7, N = 5; P < 0.001) and resumed 
values to indomethacin alone (INDO vs EtOH + INDO, 
P = 0.466) (Fig. 3B1-B2). In summary, the inhibitory effect 
of ethanol on dendritic LTD is also prevented by a pretreat-
ment with indomethacin.

In order to investigate further the role of neuroinflam-
mation we administered TAK-242, an antagonist of TLR4 
involved in the production of cytokines, 30 min before each 
ethanol injection. A two-way ANOVA of dendritic LTD 
(Fig. 3C) revealed a significant effect of both TAK-242 

Fig. 3  Ethanol-induced 
abolition of dendritic LTD 
is prevented by minocycline, 
indomethacin and TAK-242. 
A1) Top panel: NaCl and EtOH 
averaged raw signals during 
baseline (1, 3) and at the end 
of the recording (2, 4) (vertical 
calibration bar: 0.2 mV; hori-
zontal calibration bar: 5 ms). 
Bottom panel: time course of 
dendritic long-term depres-
sion (LTD) for all slices tested 
revealing the preventive effect 
of MINO on EtOH-induced 
LTD abolition. A2) Top panel: 
MINO and EtOH + MINO aver-
aged raw signals during baseline 
(5, 7) and at the end of the 
recording (6, 8) (vertical cali-
bration bar: 0.2 mV; horizontal 
calibration bar: 5 ms). Bottom 
panel: bar graph illustrating the 
LTD magnitude for all groups. 
B1) Preventive effect of INDO 
on EtOH-induced LTD aboli-
tion. B2) Bar graph illustrat-
ing the LTD magnitude for all 
groups. C1) Prior administra-
tion of TAK-242 prevented the 
LTD disruption induced by 
EtOH. C2) Bar graph illustrat-
ing the LTD magnitude for 
each group. Mean values are 
given ± standard error of the 
mean (SEM). n means numbers 
of slices. Number of animals in 
A: NaCl, N = 3; MINO, N = 3; 
EtOH, N = 4; EtOH + MINO, 
N = 2. In B, NaCl, N = 4; 
INDO, N = 3; EtOH, N = 5; 
EtOH + INDO, N = 4. In C, 
NaCl, N = 3; TAK-242, N = 3; 
EtOH, N = 7; EtOH + TAK-242, 
N = 3. **P < 0.01; ***P < 0.001
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(F1,29 = 4.658, P = 0.04) and ethanol (F1,29 = 5.246, P = 0.03) 
and an interaction (F1,27 = 15.527, P < 0.001). Post hoc 
analysis (Tukey’s test) showed a reduction of LTD in EtOH 
slices compared with control (EtOH: -9.5 ± 3%, n = 9, N = 7 
vs NaCl:—32.9 ± 4.5%, n = 7, N = 3; P < 0.001, Fig. 3C1-
C2). TAK-242 alone had no effect on LTD compared with 
control (TAK-242: -26.2 ± 4.8%, n = 7, N = 3 vs NaCl,—
32.9 ± 4.5%, n = 7, N = 3; P = 0.239, Fig. 3C1-C2). However, 
TAK-242 prevented the reduction of synaptic LTD after eth-
anol (EtOH + TAK-242: -32.4 ± 3%, n = 8, N = 3 vs EtOH: 
-9.5 ± 3%, n = 9, N = 7; P < 0.001) and resumed values to 
TAK-242 alone (TAK-242 vs EtOH + TAK-242, P = 0.26; 
Fig. 3C1-C2). Hence, pretreatment with TAK-242 prevents 
LTD abolition induced by ethanol.

Minocycline also prevents the effects 
of the two binge on hippocampus somatic 
plasticity

We further wished to check whether ethanol exposure altered 
similarly dendritic and somatic LTD since the latter reflects 
excitatory level of pyramidal neurons mainly determined by 
a balance between glutamatergic excitations and GABAer-
gic inhibitions, the two major targets of ethanol. Regarding 
LTD (Fig. 4), a two-way ANOVA revealed a lack of effect 
of minocycline (F1,36 = 2.711, P = 0.109), an effect of EtOH 
(F1,36 = 9.021, P = 0.005) and an interaction (F1,34 = 5.13, 
P = 0.03). Post hoc analysis (Tukey’s test) showed a smaller 
LTD after ethanol (EtOH: -17.2 ± 4.2%, n = 12, N = 6 vs 

Fig. 4  Minocycline prevents somatic LTD depression after etha-
nol. Top panel: averaged raw signals during baseline (1,3) and at the 
end of the recording (2, 4) (vertical calibration bar: 0.2 mV; horizon-
tal calibration bar: 10 ms). Middle panel: single slice recording cor-
responding to the above averaged signals. A) LTD was significantly 
decreased in ethanol (EtOH) slices (N = 6, n = 12) compared with 

control (NaCl, N = 6, n = 9). B) Minocycline (MINO, N = 5, n = 8) 
had no effect on somatic LTD. C) Prior administration of MINO 
(EtOH + MINO, N = 5, n = 9), prevented LTD abolition by EtOH. 
D) Bar graph for LTD magnitude in each condition. Mean values are 
given ± standard error of the mean (SEM). n means numbers of slices. 
**P < 0.01; ***P < 0.001
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NaCl: -44.2 ± 4.8%, n = 9, N = 6; P < 0.001, Fig. 4A). Mino-
cycline alone had no effect on LTD compared with control 
(MINO: -41 ± 6.4%, n = 8, N = 5 vs NaCl: -44.2 ± 4.8%, 
n = 9, N = 6; P = 0.679, Fig. 4B). When minocycline was 
administered before ethanol (EtOH + MINO group), LTD 
reached -37.3 ± 5.3% (n = 9, N = 5, Fig. 4C-D), a value simi-
lar to LTD in the MINO group (P = 0.621) and greater to the 
EtOH group (P = 0.006). In summary, minocycline prevents 
the inhibitory effect of two ethanol binge-like episodes on 
somatic LTD at 48-h delay.

Regarding somatic LTP, we previously found that the 
two-ethanol binge-like exposures altered the threshold 
to induce LTP (Silvestre de Ferron et al. 2015). Here, we 
checked whether minocycline also prevented this effect. 

For this purpose, we tested two different high-frequency 
stimulation (HFS) in order to elaborate a BCM-like curve 
(Bienenstock-Cooper-Munro; Fig. 5). When LTP was trig-
gered with HFS 3 × 33 Hz (Fig. 5A), a two-way ANOVA 
revealed no effect of minocycline (F1,18 = 2.774, P = 0.115), 
an effect of EtOH (F 1,18 = 8.193, P = 0.011) and no interac-
tion (F 1,16 = 2.729, P = 0.118). Post hoc analysis (Tukey’s 
test) indicated similar LTP magnitude between control 
and minocycline alone (NaCl: 17.4 ± 5.5%, n = 5, N = 4 vs 
MINO: 17.4 ± 3.4%, n = 5, N = 4; P = 0.993). In contrast, 
48 h after the two binge, LTP magnitude was increased 
compared with control (EtOH: 34.8 ± 1.6%, n = 5, N = 3 vs 
NaCl: 17.4 ± 5.5%, n = 5, N = 4; P = 0.006). Interestingly, 
administration of minocycline before ethanol decreased 

Fig. 5  Minocycline prevents 
the effects of ethanol on LTP 
and on the threshold for bidi-
rectional plasticity. A) Left: 
time course of LTP induced by 
HFS 3 × 33 Hz for each treat-
ment. Right: bar graph showing 
LTP magnitude in the differ-
ent conditions. Minocycline 
(MINO, N = 4, n = 5) alone had 
no effect on LTP compared with 
control (NaCl, N = 4, n = 5). 
Ethanol (EtOH, N = 3, n = 4) 
significantly increased LTP and 
prior administration of MINO 
(N = 3, n = 5) prevented this 
effect. B) Similar representa-
tion for LTP induced with HFS 
2 × 50 Hz. MINO (N = 3, n = 4) 
alone had no effect on LTP. 
EtOH (N = 3, n = 4) increased 
LTP and prior administration of 
MINO (N = 2, n = 4) prevented 
this effect of EtOH. C) Bern-
stein–Cooper–Munro (BCM) 
curve indicating the ability of 
neurons to trigger LTP or LTD 
according to the frequency of 
stimulation (Hz). The curve for 
EtOH was shifted to the left 
compared with NaCl while that 
for MINO was similar to NaCl 
group. Thus, MINO pretreat-
ment brought back the curve 
to control. Mean values are 
given ± standard error of the 
mean (SEM). n means numbers 
of slices. *P < 0.05; **P < 0.01; 
***P < 0.001
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LTP as compared to ethanol (EtOH + MINO: 22 ± 3.9%, 
n = 5, N = 3 vs EtOH: 34.8 ± 1.6%, n = 5, N = 3; P = 0.032) 
and resumed values to minocycline alone (MINO vs 
EtOH + MINO, P = 0.405). When we tested HFS 2 × 50 Hz 
(Fig.  5B), a two-way ANOVA revealed no significant effect 
of minocycline (F1,15 = 2.96, P = 0.109), a significant effect 
of EtOH (F1,15 = 11.393, P = 0.005) and an interaction 
(F1,13 = 7.959, P = 0.014). Post hoc analysis (Tukey’s test) 
showed no difference in LTP magnitude between control 
and minocycline (NaCl: 27.4 ± 3.7%, n = 5, N = 4 vs MINO: 
30.8 ± 3.9%, n = 4, N = 3; P = 0.438). Here again, EtOH 
induced an increase of LTP compared to control (EtOH: 
46.9 ± 2.3%, n = 4, N = 3 vs NaCl: 27.4 ± 3.7%, n = 5, N = 4; 
P < 0.001). In this condition too, administration of minocy-
cline before ethanol reduced LTP compared with ethanol 
alone (EtOH + MINO: 32.6 ± 1.5%, n = 4, N = 2 vs EtOH: 
46.9 ± 2.3%, n = 4, N = 3; P = 0.008) and with no differ-
ence with minocycline alone (EtOH + MINO vs MINO, 
P = 0.709). After ethanol, the BCM-like curve is shifted to 
the left (Fig. 5C) revealing a change in the threshold for 
LTP versus LTD. In the presence of minocycline, the curve 
in the presence of ethanol resumes to the control curve. In 
summary, somatic LTP is increased 48 h after two ethanol 
binge-like episodes and LTD is decreased. Minocycline 
alone had no effect but prevented the effects of ethanol on 
LTP, LTD and on the left shift of the threshold for bidirec-
tional plasticity.

Anti‑GluN2B agent is more effective 48 h 
after the initial binge

In previous studies, the two ethanol binges increased the sen-
sitivity of NMDA-fEPSPs to an antagonist of the GluN2B 
subunit of the NMDA receptor at 48-h delay. We thus tested 

whether an anti-inflammatory was able to prevent this effect. 
NMDA-fEPSPs were pharmacologically isolated in CA1, 
and its sensitivity to a GluN2B antagonist was assessed 
with bath application of 5 µM Ro25-6981 (Fig. 6). A two-
way ANOVA showed no significant effect of both minocy-
cline (F1,29 = 0.788, P = 0.383) and ethanol (F1,29 = 2.324, 
P = 0.139) but a significant interaction between minocycline 
and ethanol (F1,27 = 5.004, P = 0.034). Post hoc analysis 
(Tukey’s test) showed that NMDA-fEPSPs sensitivity to 
Ro25-6981 was higher in EtOH slices compared with control 
(EtOH: 31.4 ± 3%, n = 8, N = 6 vs NaCl: 19.2 ± 3.7%, n = 8, 
N = 7; P = 0.012, Fig. 6A-B). Minocycline alone had no 
effect on NMDA-fEPSPs sensitivity to Ro25-6981 compared 
with control (MINO: 23.6 ± 3.2%, n = 7, N = 4 vs NaCl: 
19.2 ± 3.7%, n = 8, N = 7; P = 0.357). However, when mino-
cycline was administered before ethanol (EtOH + MINO), 
NMDA-fEPSPs sensitivity to Ro25-6981 was decreased 
compared with EtOH (EtOH + MINO: 21.2 ± 3%, n = 8, 
N = 5 vs EtOH: 31.4 ± 3%, n = 8, N = 6; P = 0.033, Fig. 6B). 
These latter values resumed to MINO alone (EtOH + MINO: 
21.2 ± 3%, n = 8, N = 5 vs MINO: 23.6 ± 3.2%, n = 7, N = 4; 
P = 0.624). Thus, 48 h after two ethanol binge-like episodes, 
NMDA-fEPSPs sensitivity to a GluN2B antagonist was 
increased and minocycline prevented this effect.

Bath application of IL‑1β block synaptic LTD

The fact that anti-inflammatory agents prevent the effects of 
ethanol on learning and on hippocampus plasticity measured 
at 48-h delay suggests that circulating cytokine at this time 
point may be responsible for the blockade of synaptic LTD. 
In order to check this assumption, we measured whether bath 
applied IL-1β (or BSA; bovine serum albumin, the solvent) 
blocked synaptic LTD on hippocampus slices from naïve 

Fig. 6  NMDA-fEPSP response to Ro25-6981, a GluN2B antago-
nist. A) Averaged raw signal during baseline, after 5 µM Ro25-6981 
(Ro-25) and in the presence of 50 µM D-AP5 for each group (vertical 
calibration bar: 0.02 mV; horizontal calibration bar: 10 ms). B) Bar 
graph illustrating the percentage of fEPSPs slope inhibition. Mino-

cycline (MINO) alone had no effect. After EtOH, the inhibition was 
increased, and a prior administration of MINO prevented this effect. 
Mean values are given ± standard error of the mean (SEM). n means 
numbers of slices. *P < 0.05. The number of animal for each group is: 
NaCl, N = 7; MINO, N = 4; EtOH N = 6; EtOH + MINO N = 5
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animals. In the presence of BSA (n = 8, N = 4), LTD reached 
-35.8 ± 6.1% (Fig. 7A). When IL-1β was bath applied (n = 6, 
N = 4), LTD was abolished to—4.25 ± 9.1% (Student’s t test, 
P = 0.011 compared to BSA alone; Fig. 7A-B). In additional 
experiments, we checked whether the blocking effect of 
IL-1β on LTD was permanent or transient. Here, we first 
blocked LTD with IL-1β, washed out the drug and tested 
again LTD. The result shows that IL-1β blocked LTD only 
when present in the bath and not on the long-term, after 
washout of the drug (Fig. 7C). These experiments dem-
onstrate that IL-1β, a pro-inflammatory cytokine, disturbs 
synaptic LTD.

mRNA levels for neuroinflammatory markers 
are unaltered following the two alcohol 
exposure

Considering that IL-1β abolishes LTD when bath applied on 
slices, we documented other molecular actors related to neu-
roinflammation that may also modulate synaptic plasticity. 
We thus quantified the mRNA levels for neuroinflammatory 
markers such as TNF-α, IL-1β, IFN-γ and TGF-β. Interest-
ingly, 48 h after ethanol, none of the mRNA levels were 

altered (Fig. 8), and neither minocycline nor indomethacin 
pretreatment had an effect (one-way ANOVA, F3,28 = 0.899, 
P = 0.454; F3,28 = 0.062, P = 0.979;  H3,28 = 2.122, P = 0.547; 
 H3,28 = 0.071, P = 0.995, respectively).

Cellular markers for neuroinflammation

Our results suggest that ethanol triggers neuroinflamma-
tion to abolish LTD 48 h later, but without any changes in 
the mRNA levels of inflammatory cytokines. These results 
suggest that microglial cells, which release cytokines, were 
possibly not activated at this time point. Using immuno-
histochemistry, we studied Iba1 labeling of morphological 
changes in microglia and the expression of TLR4 in NeuN-
positive neurons 48 h after ethanol treatment in CA1 area to 
see whether LTD abolition was accompanied with microglia 
activation or not.

No microglial activation 48 h after ethanol exposure

A two-way ANOVA of cell body circularity showed no sig-
nificant effect of both minocycline (F1,30 = 3.161, P = 0.086) 
and ethanol (F1,30 = 0.007, P = 0.934) and no significant 

Fig. 7  IL-1β abolished LTD. (A) Bath application of BSA alone 
(N = 4, n = 8) had no effect on LTD magnitude, whereas Il-1β (in 
BSA) at 30 ng/ml abolished LTD (N = 4, n = 6). (B) Bar graph sum-

marizing the effects in A. (C) In independent experiments, we check 
that IL-1β was responsible for LTD blockade by inducing LTD after 
washout of the drug

Fig. 8  mRNA expression for inflammatory markers 48 h after ethanol and effects of anti-inflammatory agents. mRNA levels for TNF-α, 
IL-1β, IFN-γ and TGF-β were not changed after ethanol, and there was no effect of the two anti-inflammatories tested
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interaction (F1,28 = 0.651, P = 0.426, Fig. 9A-C). Regard-
ing the cell body size, a two-way ANOVA showed no effect 
of both minocycline (F1,30 = 0.166, P = 0.687) and ethanol 
(F1,30 = 0.648, P = 0.428) and no significant interaction 
(F1,28 = 0.594, P = 0.447, Fig. 9B-C). Thus, neither ethanol 
exposure nor minocycline had an effect on the circularity and 
cell body size of microglia in the CA1 area at a 48-h delay.

TLR4 expression in the CA1 pyramidal cell layer 48 h 
after ethanol

TLR4 receptors were localized in the membrane of the 
CA1 pyramidal neurons labeled with NeuN (Fig. 10). 

A two-way ANOVA of TLR4 immunof luorescence 
showed no significant effect of both minocycline 
(F1,25 = 1063, P = 0.314) and ethanol (F1,25 = 1.211, 
P = 0.283) and a significant interaction between mino-
cycline and ethanol (F1,22 = 5.209, P = 0.033). Post hoc 
analysis (Tukey’s test) revealed that ethanol decreased 
TLR4 immunofluorescence in CA1 pyramidal neurons 
by 66% compared to control (P = 0.031, Fig. 10A-C) 
and that minocycline pretreatment prevented this effect 
(EtOH vs MINO + EtOH, P = 0.029, Fig.  8A-C). To 
normalize the labeling, we calculated the ratio between 
TLR4 and NeuN intensity (Fig.  10B). A two-way 
ANOVA showed an effect of minocycline (F1,25 = 9.4, 

Fig. 9  Effects of minocycline 
on Iba1 immunofluorescence 
labeling in CA1 area 48 h 
after the two ethanol binge 
episodes. (A) Histogram of 
circularity index of microglia 
body cells. (B) Histogram of 
microglia body cells size. There 
was no effect of ethanol (EtOH) 
or minocycline (MINO) or the 
combination on these param-
eters. (C) Photographs of iba1 
immunolabeling in the four 
groups tested
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P = 0.006), no effect of ethanol (F1,25 = 1.57, P = 0.223) 
and no interaction (F1,22 = 3.604, P = 0.071). Post hoc 
analysis (Tukey’s test) showed that ethanol decreased 
TLR4/NeuN ratio in CA1 by 65% compared to control 
(P = 0.043) and that minocycline pretreatment pre-
vented this effect (EtOH vs MINO + EtOH, P = 0.002). 
Altogether, the results show that 48 h after two alco-
hol exposure, TLR4 is modulated only in pyramidal 
neurons.

Discussion

This study demonstrates that in adolescent rats, two etha-
nol binge-like exposures induce cognitive deficits at 48-h 
delay together with an increased role for GluN2B, a selec-
tive blockade of synaptic LTD and an increase in LTP in 
the hippocampus but without signs of neuroinflammation at 
cellular level and at the level of cytokines mRNA. However, 
the effects of ethanol at behavioral and cellular levels were 

Fig. 10  TLR4 immunolabeling in NeuN labeled neurons in hip-
pocampus CA1 area of adolescent rats 48 h after ethanol with or 
without minocycline. (A) Ethanol decreased the intensity of TLR4 
labeling by 64% (P = 0.031), and minocycline pretreatment prevented 
this effect (EtOH versus EtOH + MINO, P = 0.029). (B) Ethanol 

decreased the ratio of TLR4 and NeuN labeling by -62% (P = 0.043). 
Minocycline pretreatment prevented this effect (EtOH versus 
EtOH + MINO, P = 0.002). (C) Photographs of NeuN, TLR4 and of 
the co-labeling showed at two different magnifications (scale bar at 
the top is 50 µm and is 10 µm at the bottom). *: P < 0.05; **: P < 0.01
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prevented by pretreatment with different anti-inflammatory 
agents, suggesting that ethanol exposure induced a rapid, 
short-lasting neuroinflammation that leads to the changes 
observed after 48 h.

Disturbances of bidirectional plasticity 
after only two binge‑like episodes

Synaptic plasticity in the hippocampus is considered the 
mechanism underlying learning and memory. Indeed, 
LTD is necessary for novelty acquisition (Ge et al. 2010), 
consolidation of fear memory (Liu et al. 2014) and for 
working and episodic memories (Zeng et al. 2001). Here, 
LTD was decreased 48 h after only two ethanol-binge like 
exposures and this was accompanied with cognitive deficits 
in a learning task related to LTD (Ge et al. 2010). The 
present work confirms our previous studies (Silvestre de 
Ferron et al. 2015; Drissi et al. 2020) and extends them 
by showing that LTD is reduced at both the soma and the 
dendritic tree. These latter observations also extend the 
results from Roberto et al. (2002) who recorded dendritic 
and somatic LTP after chronic intermittent ethanol 
exposure along late adolescence in rats. However, it is 
acknowledged that changes in population spike are unlikely 
to reflect changes in synaptic strength related to memory. 
Nonetheless, any facilitation or reduction of synaptic 
transmission taking place in an ensemble of neurons 
during learning can be measured through monitoring 
the population spike magnitude. Indeed, learning is 
accompanied by parallel changes at both somatic and 
synaptic level in the hippocampus (Moser 1995). Moreover, 
GABA receptors are one of the many targets of ethanol 
and perisomatic inhibitory synapses alterations may be 
the origin of pathophysiological conditions (Wittner 
and Maglóczky 2017). Furthermore, both synaptic and 
somatic regulation of specific transmembrane currents 
(such as the IA potassium current) may be required to 
complete synaptic modification involved in memory 
(Yang et al. 2014). At last, it may happen that there is 
no concomitance of changes between population spike 
plasticity and fEPSPs, indicating predominant changes 
in cell excitability rather than modification in synaptic 
strength (Heginbotham and Dunwiddie 1991). Hence, the 
concomitance of LTD reduction at the two recording sites 
reveals that ethanol disturbs different cellular mechanisms 
at the same time and the difference related to the location 
of recordings probably reflects differences in the cellular 
mechanisms underlying somatic versus dendritic plasticity. 
Indeed, changes at somatic level may refer more to 
changes in excitability of the soma, while alteration of 
synaptic plasticity reflects changes in synaptic strength 
(Heginbotham and Dunwiddie 1991). Our results combined 

with those of Roberto et al. (2002) help to demonstrate that 
ethanol acts on both types of network properties at once: 
intrinsic excitability properties and synaptic strength. The 
present results are also consistent with those demonstrating 
an abolition of hippocampus LTD following two ethanol 
binge-like injections performed during neonatal period 
(Izumi et al. 2005) or in adult rats after chronic ethanol 
exposure (Thinschmidt et  al. 2003). Surprisingly, the 
present decrease in LTD goes along with an increase of 
LTP 48 h after ethanol. This is the second time only that 
such result is reported after ethanol (Silvestre de Ferron 
et al. 2015). Interestingly, such phenotype of bidirectional 
plasticity has been also reported in an animal model 
of multiple sclerosis in which it was associated with 
neuroinflammation (Nisticò et al. 2013). In addition, we 
found that the sensitivity of NMDA-fEPSPs to Ro25-6981, 
a GluN2B antagonist, is increased 48 h after ethanol, an 
effect we correlated with an increased expression of the 
subunit (Drissi et al. 2020). We also confirm the shift of 
the BCM-like curve to the left after ethanol, indicating a 
greater ability for the network to trigger LTP, while LTD 
induction becomes more difficult. This is consistent with 
the idea that a low GluN2A-to-GluN2B ratio decreases the 
probability to induce LTD (Paoletti et al. 2013; Silvestre de 
Ferron et al. 2015). Importantly, minocycline pre-treatment 
restored the BCM-like curve to control, demonstrating that 
ethanol-induced neuroinflammation participates to the left 
shift of the curve and that ethanol exposure even as short 
as two binges induced metaplasticity, which, in turn, is 
responsible for cognitive deficits.

Neuroinflammation and the effects of two 
binges

Minocycline pretreatment prevented the two binge induced 
memory impairment, the alterations in hippocampus 
plasticity and the higher NMDA-fEPSPs sensitivity to a 
GluN2B antagonist as well as the BCM-like curve shift. 
Importantly, prior administration of indomethacin, a non-
steroidal anti-inflammatory and of the TLR4 receptor 
antagonist TAK-242 also prevented the ethanol-induced 
abolition of LTD. Altogether, three structurally unrelated 
compounds with distinct pharmacological targets, all 
with anti-inflammatory properties, prevented the effects 
of ethanol. Thus, ethanol-induced inflammation and 
TLR4 activation are very likely to be responsible for cel-
lular and behavioral effects of only two binges although 
we did not reveal the presence of an early inflammatory 
state that is during the intoxicating effects of ethanol. 
Nonetheless, these results have to be considered in the 
light of those showing that during ethanol intoxication, 
peripheral inflammation is present in humans 20 min 
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after a single binge drinking session with a blood ethanol 
level of about 130 mg/dl (Afshar et al. 2015). The herein 
reported results regarding minocycline are in accordance 
with those revealing the effectiveness of minocycline in 
preventing the effects related to ethanol-induced neuroin-
flammation after a longer exposure (Pascual et al. 2011; 
Qin and Crews, 2012), ethanol’s rewarding properties 
(Gajbhiye et al. 2017) or ethanol intake (Agrawal et al. 
2011). However, in our study microglial cells did not show 
morphological changes at the time of LTD blockade, sug-
gesting an absence of microglial reactivity at this time 
point. TLR4 receptor is expressed on microglia, astrocytes 
and neurons (Tang et al. 2007; Okun et al. 2011; Li et al. 
2015b), and we measured a decrease in CA1 pyramidal 
neurons TLR4 immunofluorescence that was interestingly, 
prevented by minocycline. Lack of microglial reactivity 
and decreased in TLR4 labeling are in contradiction with 
other studies. TLR4-related signaling pathways (MAPK, 
NF-ƘB), proinflammatory mediators (COX-2, i-NOS, 
HMGB1) and mnesic dysfunctions have been revealed at 
the end of a two-week intermittent ethanol exposure in 
adolescent mice, and these responses were TLR4-depend-
ent (Montesinos et al. 2016). The discrepancies with these 
studies may come from higher doses of ethanol tested and 
a longer exposure inducing an increased TLR4 expression 
at 24 h that remains until adulthood (Qin and Crews 2012; 
Vetreno and Crews 2012). Because of the short exposure 
duration we used and the lower dose of ethanol tested, 
it is conceivable that ethanol-induced neuroinflammation 
occurred during the presence of ethanol in the body and 
did not last for 48 h. In this context, the lack of microglia 
reactivity 48 h later and the preventing effects of different 
anti-inflammatory are not surprising. Regarding neuronal 
TLR4 labeling, we found a decrease 48 h after ethanol 
which was absent after minocycline pretreatment. This 
result suggests that ethanol modulates TLR4 as suggested 
after a longer binge-like ethanol exposure during adoles-
cence (Montesinos et al. 2018). In fact, there is a lack of 
data regarding the time course of microglia activity after 
ethanol exposure although a recent study brought new 
insight on this matter (Peng and Nixon 2021). In other 
models of induced neuroinflammation, like after mechani-
cal brain damage in the hippocampus, an increased expres-
sion of neuronal TLR4 was detected after 4 h, with a peak 
at 24 h, a visible recovery after 3 days and total recovery 
at 7 days (Li et al. 2015a). Finally, we hypothesize that 
our measurements were taken at a time when the immune 
response was terminated, that is the peak of TLR4 expres-
sion occurred early after binge-like intoxication followed 
by a negative regulation. This hypothesis is supported 
by the mRNA levels of the different cytokines measured 
at 48 h. Although we were limited by the use of mRNA 

analysis only, we did not detect any increase of cytokines 
that could potentially blocked LTD as we found for IL-1β, 
suggesting that at 48 h the blockade of LTD is not due to 
a residual neuroinflammation accompanied with a high 
level of cytokines. Nonetheless, complementary experi-
ments are necessary to define the kinetic of inflammation 
in this model of two binges.

Could we suggest a sequence of events 
after ethanol binge drinking?

Our results refute the hypothesis that the blockade of LTD 
48 h after two binges is due to the presence of neuroinflam-
mation with a high level of cytokine at that time point. Thus, 
it is necessary to find another way to explain the blockade of 
LTD after only few binge-like exposures. Another key effect 
of repeated ethanol exposure is the alteration of the epig-
enome as many studies demonstrated before (Legastelois 
et al. 2017; Pandey et al. 2017). Indeed, the inhibitory effects 
of only two binges on memory and LTD were prevented with 
an HDAC inhibitor (Drissi et al. 2020) and Pascual et al. 
(2011) showed that chronic ethanol exposure led to cognitive 
impairments associated with a decrease of histone acetyla-
tion in the hippocampus of mice, which were not present in 
mice lacking the TLR4 receptors. Thereby, a hypothesis is 
that early and short-lasting neuroinflammation induced by 
ethanol binge-like episodes triggers TLR4 receptor activa-
tion, which in turn leads to epigenetic changes, a blockage of 
synaptic LTD, inducing learning and memory deficits. How-
ever, the functional relationship between ethanol-induced 
epigenetic modifications and plasticity disturbances in our 
model needs to be further investigated to determine whether 
all effects of ethanol are related to the unique modulation 
of GluN2B subunit expression as we previously suggested 
(Drissi et al. 2020).

To conclude, there is a therapeutic potential of anti-
inflammatory to prevent the long-term consequences of drug 
abuse in adolescence (Guerri and Pascual 2019), notably on 
ethanol intake (Agrawal et al. 2011), withdrawal-induced 
anxiety and relapse (Gajbhiye et al. 2018). In a similar 
vein, early TLR4 inhibition reduces hippocampal injury at 
puberty in a rat model of neonatal hypoxic-ischemic brain 
damage (Tang et al. 2019), demonstrating a major role of 
TLR4 in the downstream neuroinflammatory events related 
to brain injury. Here, we showed that anti-inflammatory 
drugs administered at the same time that ethanol binge-
like episodes prevent the effects of ethanol on learning and 
memory. Therefore, anti-inflammatory treatment appears 
to be good candidate for preventing most of the short- and 
long-term effects of alcohol on the brain during adolescence.
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