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Abstract
The study was designed to assess whether repeated administration of diazepam (Valium®, Roche)—a benzodiazepine exerting
an agonist action on GABAA receptors—may alleviate both the short (1 week, 1W) and long-term (6 weeks, 6W) deleterious
effects of alcohol withdrawal occurring after chronic alcohol consumption (6 months; 12% v/v) in C57/BL6 male mice. More
pointedly, we first evidenced that 1W and 6W alcohol-withdrawn mice exhibited working memory deficits in a sequential
alternation task, associated with sustained exaggerated corticosterone rise and decreased pCREB levels in the prefrontal cortex
(PFC). In a subsequent experiment, diazepam was administered i.p. for 9 consecutive days (1 injection/day) during the alcohol
withdrawal period at decreasing doses ranging from 1.0 mg/kg to 0.25 mg/kg. Diazepam was not detected in the blood of
withdrawn mice at the time of memory testing, occurring 24 hours after the last diazepam injection. Repeated diazepam
administration significantly improved alternation rates and normalized levels of glucocorticoids and pCREB activity in the
PFC in 1W but not in 6W withdrawn mice. Thus, repeated diazepam administration during the alcohol-withdrawal period only
transitorily canceled out the working memory impairments and glucocorticoid alterations in the PFC of alcohol-withdrawn
animals.
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Introduction

There is substantial evidence that memory deficits are either
dramatically enhanced or gradually developed after alcohol
withdrawal (Farr, Scherrer, Banks, Flood, & Morley, 2005;
Lukoyanov, Madeira, & Paula-Barbosa, 1999; Schandler,
Clegg, Thomas, & Cohen, 1996). Congruently, we recently
demonstrated that alcohol withdrawal in mice produced work-
ing memory (WM) impairments up to 6 weeks after withdraw-
al. Conversely, such impairments were not observed in mice
still consuming alcohol. Enduring WM disorders were related
to long-lasting changes of neural activity and glucocorticoid

alterations in the prefrontal cortex (PFC) and the hippocampus
(HPC) of withdrawn mice, as well as epigenetic alterations in
these brain regions (Dominguez, Belzung, et al., 2016,
Dominguez, Dagnas, et al., 2016; Mons&Beracochea, 2016).

One of the main disturbances associated with alcohol with-
drawal involves a dysregulation of the hypothalamic-
pituitary-adrenal (HPA) axis, which accounts for excessive
glucocorticoid (GCs) release (Adinoff et al., 1990; Errico
et al., 2002; Little et al., 2008). Interestingly, several studies
have shown that the GABAergic system regulates the HPA
axis response to stress (Calogero et al., 1988a; Arvat et al.,
2002; Cullinan et al., 2008). Indeed, GABA is an inhibitory
neurotransmitter that reduces the release of ACTH (Makara
and Stark, 1974), via a central action on CRH neurons of the
paraventricular nucleus of the hypothalamus (Cullinan et al.,
2008). Diazepam—a benzodiazepine having an agonist action
on the GABAA receptor—is delivered transiently among al-
coholics during and shortly after alcohol withdrawal, mainly
to reduce anxiety and decrease neural excitability induced by
the cessation of alcohol intake (Adinoff, 1994). However, the
efficacy of diazepam to reverse glucocorticoids and cognitive
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disorders, particularly after long withdrawal periods, remains
largely unknown.

The purpose of the present study was to determine if re-
peated administration of diazepam during alcohol withdrawal
could alleviate the long-lasting neurobiological and cognitive
alterations that progressively develop in withdrawn mice, as
shown in earlier studies (Dominguez, Belzung, et al., 2016,
Dominguez, Dagnas, et al., 2016). Three experiments were
designed as follows: In Experiment 1, we studied the impact
of two different protocols of repeated diazepam administration
on emotional reactivity in the elevated plus-maze in 1Walco-
hol withdrawn mice. The diazepam administration protocol
that had the greater corrective effect on anxiety-like reactivity
in withdrawn animal was hence elected for the subsequent
experiments. In Experiment 2, we studied the effects of the
selected repeated diazepam procedure in 1W or 6W with-
drawn mice on WM disorders and neural alterations in the
PFC and dHPC—two main structures involved in WM.
Hence, we used CREB phosphorylation (pCREB) as a biolog-
ical marker of neural plasticity (Dominguez, Belzung, et al.,
2016). Because Experiment 2 showed pCREB alterations in
withdrawn mice’s PFC, and insofar as earlier data from our
group evidenced that pCREB alterations are associated with
abnormal corticosterone levels in the PFC of withdrawn ani-
mals (Dominguez, Belzung, et al., 2016), we investigated in
Experiment 3 the impact of repeated diazepam injections on
the test-induced corticosterone rise in the PFC in 1Wand 6W
alcohol withdrawn mice using intracerebral microdialysis in
relation to working memory performance and pCREB
activity.

Material and methods

Animals

Animals were mice of the C57/BL6 strains obtained from
Charles River (L’Arbresle, France) and were 6 weeks old
upon arrival in the laboratory. They were housed by
groups of 20 until they were 10 months old in a
temperature-controlled colony room (22 ± 1 °C), under a
12:12 light-dark cycle (lights on at 7:00 a.m.). They were
provided with food and water or alcohol ad libitum. All
procedures were performed during the light phase of the
cycle. Two weeks before the experiments, they were
housed individually. All experimental procedures were
performed between 8:00 and 12:00 a.m. to prevent any
circadian rhythm side effect on GC levels (Rodriguez,
Terron, Duran, Ortega, & Barriga, 2001).

All experimental procedures were conducted in accordance
with the EU Directive 2010/63/EU for animal experiments
and local ethical committee (#5012089).

Alcohol administration and withdrawal procedures

These procedures have been described previously
(Dominguez, Belzung, et al., 2016, Dominguez, Dagnas,
et al., 2016). At 4 months of age, mice were given as their
sole liquid source water that contained increasing concentra-
tions of ethanol (Prochilab, France) as follows: 4% (v/v) the
first week, 8% (v/v) the second week, and 12% (v/v) for the 6
consecutive months. At the end of this period, alcohol-treated
mice were withdrawn from the alcohol regimen. To perform
withdrawal, ethanol was progressively replaced by water, as
follows: 8% (v/v) for 3 days, 4% (v/v) for the next 3 days then
water for 7 days (start of behavioral experiments) to the end of
testing (Dominguez, Belzung, et al., 2016). Thus, behavioral
testing began either after 1 week (on the 7th day of water
supply, Withdrawn 1W) or 6 weeks (Withdrawn 6W) of water
supply. The control groups received permanent water supplies
(Control 1Wand Control 6W groups). During the week before
behavioral experiments, all mice were handled 5 min/day dur-
ing 6 consecutive days to reduce fear reactivity toward the
experimenter. Alcohol consumption was measured during
the 6 months of treatment by scoring the decrease of liquid
consumption on graduated bottles. The mean alcohol intake
per mouse was calculated over the 6 months of alcohol
exposure.

Repeated diazepam administration (Fig. 1)

Diazepam (Valium®, Roche) was diluted in saline (0.9%
NaCl). The solutions were injected intraperitoneally (10 ml/
kg, 1 injection/day). In all experiments, diazepam administra-
tion started the two final days of the alcohol-withdrawal phase
when mice were still under a 4% ethanol v/v regimen and
extended over 9 consecutive days. In Experiment 1, diazepam
was administered by daily i.p. injection in withdrawn mice
according to two different protocols varying only by the con-
centrations of the doses of diazepam (Fig. 1). Both procedures
allowed to elicit the most potent protocol prone to counteract
the increase of anxiety-like reactivity induced by alcohol
withdrawal.

In both procedures, diazepam doses were progressively
decreased from Day1 to Day 9. Indeed, chronic diazepam
intake can lead to the development of dependence to this com-
pound (Brett & Munion, 2015). Thus, to avoid negative ef-
fects of the cessation of diazepam administration, we progres-
sively reduced the administered dose fromDay 1 to Day 9 and
started behavioral and neurobiological testing 24 hours after
the last diazepam administration—a time point at which diaz-
epam was not detected in the blood. The repeated administra-
tion of diazepam in water controls allows to verify that the
cessation of diazepam administration per se induces no nega-
tive cognitive nor neurobiological effects.
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Experiment 1: Evaluation of anxiety-like behavior
in the elevated plus-maze

This experiment was performed on four independent groups
of mice: control-vehicles (N = 10), withdrawn 1W-vehicles (N
= 10), withdrawn 1W-1st protocol (starting dose: 0.5 mg/kg: n
= 8) and withdrawn 1W-2nd protocol (starting dose: 1.0 mg/
kg; N = 10).

Anxiety-like behavior was evaluated using an elevated
plus-maze made of grey Plexiglas with four arms arranged
in the shape of a plus sign. Each arm was 30-cm long, 7-cm
wide, and elevated 40-cm above the ground. The four arms
were joined at the center by a 7-cm square platform. Two
opposite arms were Bclosed^ by 17-cm high side walls,
whereas the other arms did not have side walls. Mice were
allowed to explore all arms freely for 5 minutes, and their
behavior was recorded through an automated tracking system,
allowing measurements of the time and distance (m) spent by
area. The% Btime ratio^ and Bdistance ratio^ spent in the open
arms was used to measure anxiety-like behavior. Thus, the
smaller are these ratios, the more Banxious-like^ is the mouse.

Experiment 2: Working memory
and Immunohistochemistry

Drug administration

The injections of diazepam were the same as in Experiment 1,
according to the second protocol only. Diazepam was

administered in controls and withdrawn mice. Experiment 2
was conducted on eight independent groups of mice assigned
toWM testing: control-vehicles 1Wand 6W (N = 7 and N = 6
respectively); control–diazepam 1Wand 6W (N = 7 and N = 6
respectively); withdrawn 1W-vehicles and 6W-vehicles (N =
6 in both groups); and withdrawn 1W-diazepam and 6W-
diazepam (N = 8 and N = 7 respectively). After WM testing,
mice were sacrificed for the immunohistochemical study.

Working memory task Spontaneous alternation was tested in a
T-maze. After two habituation sessions, mice were subjected
to a training phase consisting of seven successive trials sepa-
rated by 30 seconds intertrial interval (ITI) to familiarize them
with the experimental procedure. At the beginning of each
trial, the mouse was placed in the start box for 30 seconds
before the door to the stem was opened. When the subject
entered one of the goal-arms, the door to that arm was closed
and the choice was recorded. After a 30-second confinement
period into the chosen arm, the mouse was placed back in the
start-box for a new trial.

Test session Because no sequential alternation deficits were
observed among withdrawn groups in the training phase, mice
were submitted 24 hours later to the same procedure but with a
90-second ITI. Lengthening the ITI increases delay-dependent
interference over the series (Beracochea & Jaffard, 1987;
Vandesquille et al., 2013). An alternation response was scored
each time the subject entered the arm opposite the one visited
on the immediate preceding trial. To avoid olfactory cues in

Alcohol-withdrawn
(1W or 6 W)

groups

Control (Water)
groups

1.0 1.0 1.0 1.0 1.0 1.0 0,5 0,5 0,25

0,5 0,5 0,5 0,5 0,5 0,5 0,250,25 0,12

1.0 1.0 1.0 1.0 1.0 1.0 0,5 0,5 0,25

0,5 0,5 0,5 0,5 0,5 0,5 0,250,25 0,12
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Fig. 1 Diazepam was administered by i.p. injection (1/day) both in
Control (upper part) or in Withdrawn mice (lower part). In the first (1st)
protocol, all mice received on the first 6 days of treatment a 0.5-mg/kg
diazepam dose, followed on two consecutive days by a 0.25-mg/kg dose,
and finally by a single 0.12-mg/kg dose on the last day of treatment. In the
second (2nd) protocol, mice were subjected to the same injection proce-
dure, except that they first received a 1.0-mg/kg solution on the first 6

days of treatment, followed by 2 days at 0.5 mg/kg, and finally by a 0.25-
mg/kg injection. Both protocols begin the last 2 days of ethanol consump-
tion (4% v/v; grey rectangles) and lasted during the 7 days of alcohol
withdrawal (Water, white rectangles). Behavioral testing (Elevated plus
maze in Experiment 1 or sequential alternation in Experiments 2 and 3)
occurred 24 hours the last day of the withdrawal period (7th day)
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the apparatus, the entire surface of the maze was washed with
water between the 90-second intertrial interval to remove vis-
ible traces of urine and feces.

A mean alternation rate was calculated over the seven con-
secutive trials and expressed in percentage. Running latencies
were registered, allowing calculation of the mean choice la-
tency over the 7 trials. To dissociate memory deficits from a
potential gradual loss of motivation to alternate over the series,
an eighth trial was added, separated by a shorter 5-second ITI
from the seventh one.

Immunohistochemistry The procedure has been described in
full elsewhere (Dominguez, Belzung, et al., 2016,
Dominguez, Dagnas, et al., 2016). Thirty minutes after the
end of behavioral testing, mice were sacrificed with an over-
dose of pentobarbital (200 mg/ml) and transcardially perfused
with 4% paraformaldehyde dissolved in phosphate buffer
(0.1M; pH 7.4). The brains were removed, postfixed over-
night, and then sectioned (50-μm thin) using a Vibratome
(Leica). Immunostainings of pCREB were performed using
rabbit polyclonal, anti phospho(ser133)-CREB antibodies
(1:6000, Millipore, USA). In addition to mice subjected to
behavioral testing, control-1W and -6W as well as withdrawn
1W- and 6W-naïve mice were subjected to the same pharma-
cological protocol but remained in their home cage until sac-
rifice (3/4/groups). This naïve (basal) condition allows mea-
suring the specific effect of WM testing on pCREB levels and
on the variations of plasma corticosterone concentrations ac-
cording to each specific experimental group.

Phosphorylated CREB (pCREB) immunostainings were
performed using rabbit polyclonal, anti-phospho(ser133)-
CREB (1:6000, Millipore, USA). Given their involvement in
WM and emotional processes, counts were made in the fol-
lowing brain regions, according to Paxinos and Franklin atlas
(Paxinos & Franklin, 2001): PFC: (prelimbic cortex, PL; from
bregma: +1.98 to +1.50 mm) and the dorsal hippocampus
(dCA1; from bregma: −1.70 to −2.30 mm). The choice of
the PL and dCA1 rests on previous data having shown
pCREB alterations in withdrawn groups in these two brain
regions (Dominguez, Belzung, et al., 2016, Dominguez,
Dagnas, et al., 2016). Digital images were captured at 10X
magnification using an Olympus (BX50) and an imaging
analysis system (ImageJ®). For each region, three to four
consecutive sections (every first section in each set of four
50-μm sections) were examined and mean number of positive
nuclei/mm2 was determined.

Plasma samples

Blood samples were collected between 08:00 a.m. and 12:00
a.m. by submandibular procedure with 25-gauge needles after
anesthesia (Isoflurane®) in independent groups of mice, either
in naïve condition or 30 minutes after the beginning of WM

testing, to be in accordance with the delay of sacrifice used for
the immunohistochemistry study. The blood was collected in
tubes containing 10%EDTA. After 10min of centrifugation at
3,000 rpm, plasma samples were stored at −80 °C.

Measurement of diazepam concentration in blood

The concentrations of diazepam in blood and of its active
metabolites oxazepam and nordiazepam were determined in
independent naïve 1W withdrawn mice (N = 3) at three time
points (1 hr, 24 hr, and 48 hr) for each mouse after the last
diazepam injection. For that purpose, blood samples were col-
lected by retro-orbital punction and sent to the Laboratory of
Pharmacology and Toxicology (Bordeaux, France) for analy-
ses by the LC-MS-MS technique.

Experiment 3: Time-course evolution of PFC
corticosterone concentrations during and
after working memory testing

Experiment 3 was conducted on eight independent groups of
mice assigned to WM testing under microdialysis collection.
All groups (control-vehicles 1W and 6W; control–diazepam
1W and 6W; withdrawn 1W-vehicles and withdrawn 6W-
vehicles; withdrawn 1W-diazepam and withdrawn 6W-diaze-
pam) involved seven mice. After WM testing, all mice were
sacrificed for the immunohistochemical study.

Intracerebral microdialysis

The procedure has been described in full elsewhere (Dorey,
Pierard, Chauveau, David, & Beracochea, 2012; Dominguez,
Belzung, et al., 2016, Dominguez, Dagnas, et al., 2016).
Twenty hours before microdialysate collection, a dialysis
probe was implanted into the PFC or dHPC (CMA/7; CMA
Microdialysis AB, Sweden; length: 1 mm; molecular cutoff 6
kDa) . Mice were immedia te ly t i ed a t a swive l
bracket allowing the animals to move freely with the dialysis
probe (CMA/120; CMA Microdialysis AB, Sweden) and
were placed in the dialysis bowl (with food and water or al-
cohol ad libitum) during 20 hours (habituation phase). During
the habituation phase, the probe was perfused with a flow rate
of 0.1 μl/min with a sterile-filtered saline solution (Dulbecco's
phosphate buffered saline; SIGMA; in g/l: CaCl2, 0.133;
MgCl2, 0.1; KCl, 0.2; KH2PO4, 0.2; NaCl 8.0; Na2HPO4,
1.15; pH between 7.1 and 7.5). Two hours before
microdialysate collection, the stabilization phase was per-
formed at a 1 μl/min flow rate using a microinfusion pump,
which allows the equilibration of the extracellular metabolites.
Subsequently, the baseline dialysates were collected every 15
minutes before (60 minutes), during (30 minutes), and after
(90 minutes) WM testing. During behavioral testing, the re-
movable swivel bracket was placed above the maze allowing
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the mouse to move freely; then, the swivel bracket was re-
placed above the dialysis bowl at the end of behavioral testing.
All dialysates were collected between 08:00 and 12:00 a.m.
and were stored at −80 °C until corticosterone measurements.

Plasma samples

Blood samples were collected by submandibular procedure
with 25-gauge needles after anesthesia (Isoflurane®) in mice
being either in naïve condition or 30-min after the beginning
of WM testing. The blood was collected in tubes containing
10% EDTA, centrifuged for 10-min, and the plasma samples
were stored at −80 °C until further analysis.

Plasma and dialysate samples corticosterone assays

A commercially prepared Enzyme Immunoassay kit was used
to measure plasma and dialysate samples corticosterone con-
centrations (Correlate-EIATM, Assay Designs, Ann Arbor,
MI). The sensitivity of the assay was 0.08 nmol/L.
Therefore, the baseline sample concentration was more than
tenfold superior than the sensibility threshold.

Statistical analyses

Statistical analyses were performed using the Statview 5.0
software. Data were expressed as mean ± SEM. Behavioral
performance, corticosterone assays, and immunohistochemi-
cal data were analyzed using one- or two-way analyses of
variance (ANOVAs). Comparisons ofWMperformances with
chance level were calculated with one-sample Student’s t test
(with hypothesized mean-chance level = 50%). Microdialysis
data were analyzed using one- or two-way repeated-measures
ANOVA. Post-hoc Bonferroni/Dunnett’s multiple compari-
sons analyses were performed when adequate. For correlation
analyses, the Spearman’s correlation coefficient, R, was deter-
mined. For all tests, p < 0.05 was considered statistically sig-
nificant, whereas p > 0.05 were considered nonsignificant
(NS).

Results

Measurement of alcohol concentration in blood

In the present study, the mean daily alcohol intake was 3.08 ±
0.8 mL/mouse, representing 14.34 ± 3.3 g/kg of alcohol per
day. Ethanol was under level of quantification in Water con-
trols (Elisa kit; 0 ± 0 g/L) and Withdrawn mice (0 ± 0 g/L) at
the time of testing.

Measurement of diazepam concentration in blood

The blood concentrations of diazepam and its active me-
tabolites, oxazepam and nordiazepam, were measured 1
hour, 24 hours, and 48 hours after the last diazepam in-
jection (0.25 mg/kg) within the second protocol.
Concentrations of these compounds were found below
the limit of quantification at the 24-hour and 48-hour
points. In contrast, small concentrations of diazepam and
nordiazepam were detected only at the 1-hour time point.
Thus, concentrations of diazepam and its metabolites ox-
azepam and nordiazepam were below the limit of quanti-
fication at the time of behavioral and biological studies
(Table 1).

Experiment 1: repeated diazepam injections alleviate
the increase of anxiety-like reactivity in the elevated
plus-maze in alcohol-withdrawn mice

The total number of entries was similar among the four
groups (F(3,34) = 2.09; p = 0.11) as well as the total time
spent visiting the open and closed arms of the maze
(F(3,34) < 1.0) (data not shown). ANOVA performed on
the entry ratio revealed a significant between-group dif-
ference (F(3,34) = 11.19; p < 0.001). Post-hoc analyses
showed a small significant decrease of entry ratio in 1W-
vehicle mice (21.09 ± 2.05%) compared with control-
vehicle mice (33.7 ± 2.6%, p < 0.05); in contrast, a sig-
nificant increase of entry ratio was observed in the with-
drawn 1W-2nd protocol group (50.3 ± 33.3%) compared
with both 1W-vehicle and control-vehicle groups (p <
0.01 in both comparisons). A weaker increase of entry
ratio also was observed in withdrawn 1W-1st protocol
group (35.54 ± 4.3%), which was significant only com-
pared with 1W-vehicle mice (p < 0.05; NS in all other
comparisons; Fig. 2a).

ANOVA performed on the time ratio revealed a nonsignif-
icant between-groups difference (F(3,34) = 2.14; p < 0.11;
control-vehicle mice: 21.7 ± 5.7%; withdrawn 1W-vehicle
mice: 15.82 ± 3.2%; withdrawn 1W-1st protocol group:
19.16 ± 4.25; withdrawn 1W-2nd protocol group: 32.13 ±
5.5%; Fig. 2b).

Experiment 2: Repeated diazepam injections
transiently improve WM and restore CREB
phosphorylation in the PFC of withdrawn mice

Given the data obtained in the first experiment, diazepam
administration was performed according to the second
protocol, which has been found to be the most effective
in reversing the anxiety-like disorders of withdrawn mice.
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Working memory

ANOVA analyses showed a significant Btreatment^ effect (ve-
hicle vs. diazepam; F(1,45) = 9.42; p = 0.003) and the inter-
action BCondition (control versus withdrawn) X Treatment^
was also significant (F(3,45) = 3.90; p = 0.014). Withdrawn
1W-vehicles (50.00±4.30%) exhibited lower alternation rates
compared with Control-1W vehicles (69.05±2.38%p<0.02).
Withdrawn 6W vehicles (55.55±5.55%) also exhibited a sig-
nificant decrease of alternation rates as compared to control

6W vehicles (72.22 ± 3.51%; p < 0.04; Fig. 3a). Diazepam
improves significantly the alternation rate of the withdrawn
1W group (77.08 ± 3.05%; p < 0.001 vs withdrawn-1W ve-
hicles) but failed to improve it in withdrawn-6Wmice (65.3 ±
7.1%; p = 0.065 vs withdrawn-6W vehicles). In water groups,
diazepam does not significantly modify the alternation rates
(Control-1W diazepam: 64.28 ± 4.34%; NS vs vehicles;
Control-6W diazepam: 76.19 ± 8.80%; NS vs. respective
vehicles).

Choice latency was not significantly different among the
groups, whatever the treatments and conditions considered (p
> 0.05 in all comparisons). Moreover, all groups exhibited
high alternation rates (above 70% in all groups, (F(3,45) =
0.5; NS; Fig. 3b) on the last trial (8th) of the series.

Immunohistochemistry

Naïve ConditionData, expressed as number of immunostained
cells/mm2, are summarized in Table 2. Differences between
groups and treatments were analyzed in the PFC and in the
dCA1. ANOVA analyses showed no significant between-
group nor treatment difference (p > 0.10 in all analyses); like-
wise, the interaction between Groups X Treatments did not
prove significant regardless the brain structure considered (NS
for all comparisons).

Test Condition

Table 3 describes the number of immunostained cells/mm2

(mean ± SEM) in the PFC and dCA1 of vehicle and
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Fig. 2 1W-vehicle withdrawn mice showed a small significant decrease
of entry ratio as compared to control-vehicles. In contrast, a significant
increase of entry ratio was observed in withdrawn 1W-1st protocol group
compared with 1W-vehicles, whereas the 2nd protocol of diazepam

administration produced a greater enhancement of entry ratio compared
with both 1W withdrawn and control-vehicle mice (a). No significant
difference was observed on the % time ratio. (*p <0.05 and **p < 0.01
vs. control-vehicle; #p < 0.05 and ##p < 0.01 vs. Withdrawal 1W-vehicle)

Table 1 Mean concentrations (in ng/mL) of diazepam and its active
metabolites oxazepam and nordiazepam (n= 3 subjects per sampling
time) by LC-MS-MS technique

Compounds in ng/mL

Samples Diazepam Oxazepam Nordiazepam Time point

1 648 BLQ 12,8 1 hour

2 572 BLQ 8,2 1 hour

3 532 BLQ 6,5 1 hour

4 BLQ BLQ BLQ 24 hours

5 BLQ BLQ BLQ 24 hours

6 BLQ BLQ BLQ 24 hours

7 BLQ BLQ BLQ 48 hours

8 BLQ BLQ BLQ 48 hours

9 BLQ BLQ BLQ 48 hours

Diazepam and nordiazepam were detected and quantified in the blood of
animals 1 hour after the last injection of the 2nd protocol, but the concen-
trations were below the limit of quantification (BLQ) for the 24- and 48-
hour points
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diazepam-treated groups. In the PFC, a global ANOVA per-
formed on the raw number of immunostained cells in vehicle
and diazepam-treated groups showed a significant group ef-
fect (F(3,45) = 5.17, p = 0.01), a significant treatment effect

(F(1,45) = 4.56; p < 0.05), and a significant interaction be-
tween groups and treatments (F(3,45) = 4.69; p < 0.05). More
specifically, both 1W and 6W withdrawn groups exhibited a
significant decrease in the number of immunostained cells
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Fig. 3 Effects of repeated diazepam on alternation performance. a In
vehicles (white squares) Withdrawn 1W- and 6W mice exhibited a sig-
nificant reduction of alternation rates compared with respective controls.
In diazepam-treated mice (black squares), the alternation performance
was normalized compared with vehicle-controls. Diazepam did not mod-
ify performance compared with respective vehicle-controls. b
Withdrawal and/or diazepam did not modify alternation rates at the eighth

trial with 5-s ITI compared with vehicle-controls. Dashed lines for A and
B represent chance level. Results are expressed as mean ± SEM. (*p <
0.05 compared with respective Water groups; ###p < 0.001 compared
with 1W-withdrawnmice). c Plasma corticosterone (expressed in ng/mL).
Diazepam did not significantly modified plasma corticosterone concen-
trations both in basal (naïve) and after WM testing (p > 0.05 for all
comparisons)

Table 2 Data are expressed as number of immunostained cells/mm2

PFC dCA1

N Mean Std. error N Mean Std. error

Control 1W-vehicle 3 108,91 27,38 Control 1W-vehicle 3 217,05 73,50

Control 1W-diazepam 3 196,98 94,16 Control 1W-diazepam 3 382,75 96,51

Withdrawn 1W-vehicle 3 131,61 19,94 Withdrawn 1W-vehicle 3 234,79 31,38

Withdrawn 1W-diazepam 3 138,31 49,99 Withdrawn 1W-diazepam 3 314,04 145,29

Control 6W-vehicle 3 155,56 16,34 Control 6W-vehicle 3 325,25 45,84

Control 6W-diazepam 3 75,90 31,70 Control 6W-diazepam 3 106,84 23,76

Withdrawn 6W-vehicle 4 110,56 39,52 Withdrawn 6W-vehicle 4 217,04 77,29

Withdrawn 6W-diazepam 4 162,47 50,09 Withdrawn 6W-diazepam 4 218,84 41,18

No significant difference between groups was observed in the naïve condition both in the PFC and dCA1 (p > 0.10 in all comparisons)
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compared with their respective controls (p < 0.05 in both
analyses). Diazepam administration induced a significant in-
crease of cell labeling in withdrawn-1W mice compared with
withdrawn vehicle-ones (p < 0.05). Thus, they did not signif-
icantly differ from Control-1W mice (p > 0.10). In contrast,
the increase of pCREB labelling induced by diazepam in
withdrawn-6W mice was not statistically significant com-
pared with both vehicle withdrawn-6Wand Control-6W mice
(p > 0.05 in both analyses).

In the dCA1, a global ANOVA performed on the raw num-
ber of immunostained cells in vehicle and diazepam-treated
groups showed a nonsignificant group effects (F(3,45) = 0.50, p
= 0.68), a nonsignificant treatment effect (F(1,45) = 3.55; p =
0.065), and a nonsignificant interaction between groups and
treatments (F(3,45) = 0.77; p = 0.51).

Plasma corticosterone (expressed in ng/mL)

Naïve (basal) condition (Fig. 3c left)
No significant between-groups difference was observed

(F(3,19) = 2.78, NS) and the Btreatment^ (vehicle vs. diazepam)
effect was not significant (F(1,19) = 0.63, NS). The interaction
Groups X Treatments also was not significant (F(3,19) = 1.68; p
= 0.20). Diazepam did not alter significantly corticosterone levels
in all groups (Control-1W: 23.55 ± 10.3, Withdrawn-1W: 21.2 ±
6.5, Control-6W: 18.7 ± 1.9 and Withdrawn-6W: 26.2 ± 9.5)
compared with respective vehicle groups (Control-1W: 6.32 ±
2.3, Withdrawn-1W: 18.2 ± 8.8, Control-6W: 11.9 ± 3.2 and
Withdrawn-6W: 36.9 ± 8.2; p > 0.05 for all comparisons).

Test conditions (Fig. 3c, right) No significant between-groups
difference was observed (F(3,45) = 0.46, NS) as well as no

significant Btreatment^ (vehicle vs. diazepam) effect (F(1,45)
= 1.09, NS) and the interaction between groups and treatments
also was not significant (F(3,45) = 1.13; p = 0.34). Diazepam
did not significantly modify plasma corticosterone concentra-
tions after WM testing (Control-1W: 123.9 ± 22.9,
Withdrawn-1W: 124.0 ± 7.4, Control-6W: 130.6 ± 15.5 and
Withdrawn-6W: 124.5 ± 9.6) compared with respective vehi-
cle groups (Control-1W: 128.3 ± 20.4, Withdrawn-1W: 162.3
±24.7, Control-6W: 119.9 ± 13.2 andWithdrawn-6W: 145.1 ±
21.6; p > 0.05 for all comparisons).

Interestingly, alternation performance correlated positively
with pCREB levels in the PFC inWithdrawn-1W (R = −0.31:
p = 0.04; Fig. 4a) and Withdrawn-6W mice (R = −0.49, p =
0.01; Fig. 4b). No significant correlations betweenWM scores
and pCREB levels in the PFC or dHPC were found in the
other groups (data not shown).

Experiment 3. Repeated diazepam injections reduce
the exaggerated test-induced increase
of corticosterone in the PFC and normalized pCREB
levels in 1W but not 6W withdrawn mice

Behavior

The percentage of alternation observed in mice during the
microdialysis experiment are shown in Fig. 5a.

In mice receiving the vehicle solution, alternation rates
were above chance level (50%) in Control-1W (69.05 ±
4.34%; t(6) = 4.38, p < 0.004) and Control-6W (76.2 ±
6.15%; t(10) = 6.48, p < 0.001) mice but not in Withdrawn-
1Wand -6W groups (1W: 52.38 ± 5.67%; t(6) = 0.42, p = NS,
6W: 52.38% ± 5.67; t(6) = 0.42, p = NS).

Table 3 Effects of repeated diazepam injections on pCREB immunoreactivities in the PFC and dCA1

Prefrontal cortex dCA1

Groups N Means SEM Groups N Means SEM

Control1W-vehicle 7 221.25 39,45 Control1W-vehicle 7 389,72 89,48

Control 1W-diazepam 7 311,25 57,85 Control 1W-diazepam 7 581,43 77,85

Withdrawn 1W-vehicle 6 142.36 # 29,52 Withdrawn 1W-vehicle 6 310,41 72,51

Withdrawn 1W-diazepam 8 254,31 * 25,34 Withdrawn 1W-diazepam 8 502,10 78,04

Control 6W-vehicle 6 245,98 43,21 Control 6W-vehicle 6 497,85 112,36

Control 6W-diazepam 7 191,36 35,62 Control 6W-diazepam 7 441,80 96,66

Withdrawn 6W-vehicle 6 158,69 # 28,14 Withdrawn 6W-vehicle 6 412,80 72,54

Withdrawn 6W-diazepam 6 251,32 66,21 Withdrawn 6W-diazepam 6 669,14 122,37

Data are expressed as number of immunostained cells/mm2 . In the PFC, both withdrawn 1W and withdrawn 6W vehicle-treated mice exhibited a
significant decrease of the number of immunostained cells compared with respective control-vehicles (p < 0.05 in both analysis). Diazepam significantly
increased the number of cell labelling only in 1W-withdrawn mice compared with withdrawn 1W-vehicle mice (p < 0.05) and restored a pCREB level
similar to that of Control 1W-vehicle group (p > 0.10). In the dCA1, both alcohol withdrawal and diazepam administration induced no significant
changes in the levels of pCREB compared with respective control groups (*p < 0.05 vs. Withdrawn-vehicles; #p < 0.05 vs. respective Control-vehicles)

All statistical analysis are represented in the table. The bold letters facilite the comparisons in the Prefrontal cortex section as regards the dCA1 section,
but there is no statistic symbols to be added
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In groups treated with diazepam, control mice alternated sig-
nificantly above chance level (50%) (diazepam-Control-1W:
85.71 ± 6.73%; t(6) = 4.38, p < 0.004; diazepam-Control-6W:
83.3 ± 5.14%; t(10) = 6.48, p < 0.001). In contrast, in alcohol
withdrawn groups, only the 1W group alternated significantly
above chance level (76.19 ± 6.48%; t(6) = 7.81, p = 0.001),
whereas 6W mice did not (61.42% ± 3.07; t(6) = 0.42, p = NS).

Overall, in 1Wand 6Wwithdrawn mice, animals receiving
the vehicle solution responded at chance level whereas diaze-
pam significantly improved alternation rates only in 1W but
not in 6W mice.

ANOVA analyses showed a significant between-groups
difference (F(7, 48) = 5.33; p = 0.0001). More pointedly,
post-hoc analyses evidenced that diazepam improves signifi-
cantly alternation rates in 1W but not 6W withdrawn groups
relative to their respective vehicles (1W: p = 0.014; 6W: p =
0.065). In contrast, diazepam did not significantly modify per-
formance in both 1Wand 6W Control groups as compared to
their respective vehicle groups (NS vs respective vehicle
groups in both comparisons).

The mean choice latency did not differ among all groups (p
> 0.05 in all comparisons; data not shown). Moreover, all
groups exhibited a similar alternation rates at the eighth trial
of the series, separated from the seventh one by a short (5-sec)
ITI (F(7,48) = 1.00; p = 0.44; Fig. 5b).

Intracerebral corticosterone assay

Figure 5c displays a typical site of guide-canulae localization in
the PFC. The analysis of absolute concentrations (expressed in
ng/mL) of baseline corticosterone levels in dialysates (i.e., mean
± SEM from 4 points measured before behavioral testing) are
displayed in Fig. 5d. A two-way ANOVA evidenced a signifi-
cant group effect (F(3,48) = 4.99; p = 0.004) but no significant
treatment effect (F(1,48) = 3.04; NS) and the interaction between

factors also was not significant (F(3,48) = 0.27; NS). More pre-
cisely, regarding diazepam-treated mice, corticosterone concen-
trations were higher in Withdrawn-1W (256.01 ± 44.9) com-
pared with Withdrawn-6W mice (135.19 ± 13.3; p = 0.005).

A two-way repeated measures ANOVA performed on the
time-course evolution of corticosterone shows a significant
interaction of the factors Bgroups^ and Btreatments^ (F(3,528)
= 2.64; p = 0.05). In vehicle groups (Fig. 5e), repeated mea-
sures ANOVAs evidence a different time-course evolution of
corticosterone levels among the groups (F(33,264) = 1.55; p =
0.03). Indeed, compared with baseline, WM testing induces a
significant and progressive increase of corticosterone concen-
trations from 15 to 60 minutes after test in Water-1W and
Withdrawn-1W and -6W groups (p ≤ 0.05 in both analyses).
In contrast, the time-course increase of corticosterone concen-
trations after behavioral testing was slightly delayed in Water-
6W mice (from 30 to 60 minutes post-test; p ≤ 0.05). Finally,
the test-induced corticosterone increase was greater in
Withdrawn-1W at the 45-minute timepoint compared with
Water-1W (p = 0.01) and in Withdrawn-6W at the 30-minute
timepoint (p = 0.03 vs. Water-1Wand p = 0.01 vs. Water-6W).

In diazepam-treated groups (Fig. 5f), analyses did not evi-
dence a significant between-group difference in the time-course
evolutions of corticosterone (F(33,264) = 1.18; p = NS). Such a
result evidences that repeated diazepam administration normal-
izes corticosterone levels. Indeed, compared with their respective
vehicle groups, diazepam reduced significantly corticosterone
levels only in Withdrawn-1W mice (F(1,132) = 7.40; p = 0.018);
however, not significantly in Water-1W mice (F(1,132) = 0.17;
NS), Water-6W subjects (F(1,132) = 1.12; NS) as well as in
Withdrawn-6W mice (F(1,110) = 1.30; NS). Specifically, diaze-
pam decreased corticosterone levels at 30 minutes (F(1,12) =
4.82; p = 0.04) and at 45 minutes timepoints (F(1,12) = 7.3; p =
0.019) in Withdrawn-1W compared with respective vehicle
groups.
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Fig. 4 Regression analysis between individual changes in pCREB levels
and percentage of spontaneous alternation rates during WM testing in the
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diazepam (black circles) conditions. As observed in 1Wmice, diazepam–
treated animals exhibit the higher pCREB levels, which are positively

correlated with the higher alternation performance. A positive
correlation also was observed in 6W mice between WM performance
and % variation and pCREB levels even though diazepam–treated
animals are less homogeneously distributed compared with 1W-treated
mice
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Discussion

Our study shows that both a short (1-week) and a long (6-
week) periods of alcohol withdrawal induced WM impair-
ments in a sequential alternation task. The WM impairments

were associated with significant exaggerated test-induced cor-
ticosterone rises and reduced levels of pCREB in the PFC in
withdrawn animals as compared with water controls.
Repeated administration of diazepam (9 consecutive days)
during the alcohol withdrawal period counteracted in 1W
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but not 6W withdrawn animals both the WM and biological
(corticosterone and pCREB) alterations previously observed
in the PFC.

Alcohol withdrawal triggered significant WM impair-
ments. Interestingly, we previously showed that these impair-
ments were due to withdrawal itself, because mice still sub-
mitted to alcohol did not exhibit any deficit (Dagnas, Guillou,
Prévôt, & Mons, 2013; Dominguez, Belzung, et al., 2016,
Dominguez, Dagnas, et al., 2016). The low alternation rates
observed in withdrawn mice were not attributable to a de-
creased motivation to alternate during trial series, because
alternation performances were improved when the ITI was
shortened from 90-s to 5-s at the eighth trial of the test series.
Moreover, no deficit was observed in withdrawn groups dur-
ing the training trials performed with an ITI of 30-sec, sug-
gesting that attentional mechanisms are not likely impaired in
withdrawn animals. Thus, the increase of the delay between
trials (from 30 sec to 90 sec) at the test session emerges as a
key component of memory failure in withdrawn animals.

Effects of alcohol withdrawal on anxiety-like
reactivity and working memory

Human and rodent studies have reported enhanced anxiety-
like behaviors in various tests during ethanol withdrawal
(Kliethermes, 2005). In our experimental conditions, an in-
crease of anxiety-like reactivity in an elevated plus-maze also
was observed. This finding is in agreement with other animal
studies showing depression and stress-related behavior in
withdrawn rodents (Brady & Sonne, 1999; Fukushiro et al.,

2012; Pnag, Renoir, Lawrence, & Hannan, 2013). Indeed,
withdrawal is accompanied by a dysregulation of the balance
between inhibitory and excitatory neurotransmission (mainly
GABA and Glutamate respectively) leading to increased cell’s
excitability andmultiple brain neurotransmitters alterations, as
well as of the HPA axis (Ludlow et al., 2009; Ostroumov et al.,
2016).

Interestingly, previous findings from our team showed that
6Wwithdrawn mice exhibited a similar level of fear reactivity
in the elevated plus-maze compared with Water controls in
contrast to 1W animals that exhibited a significant increase
of fear reactivity in this task (Dominguez, Dagnas, et al.,
2016). These findings suggested that the persistent WM def-
icits seen in 6W withdrawn mice are not likely due to an
anxiety increase but must be considered as resulting more
specifically from long-lasting neurobiological impairments
in the brain areas sustaining WM. Indeed, as shown in the
present study and earlier papers (Dominguez, Belzung,
et al., 2016), withdrawn mice displayed an exaggerated rise
of intra-prefrontal corticosterone response both during and
after memory testing, which lasted at least 6 weeks after with-
drawal compared withWater animals. These findings are con-
gruent with the finding that glucocorticoids-induced alter-
ations ofWM are mediated primarily through influences with-
in the PFC (Dalley, Cardinal, & Robbins, 2004; Runyan &
Dash, 2005; Roozendaal, McReynolds, & McGaugh, 2004)
and with studies in detoxified alcoholic patients exhibiting
selective disruption of frontal cortical functions during with-
drawal (Moselhy, Georgiou, & Kahn, 2001; O’Daly et al.,
2012; Pfefferbaum et al., 2001). Extensive evidence indicates
that excessive levels of GCs lead to PFC dysfunction andWM
impairments as observed in depression (Sakai, 2003) or
Cushing's syndrome (Patil, Lad, Katznelson, & Laws Jr.,
2007; Starkman, Giordani, Berent, Schork, & Schteingart,
2001). Similar memory disruptions have been observed in
both humans and rodents after increased levels of GCs
(Moisan, Seckl, & Edwards, 1990; Seckl & Walker, 2001;
Dominguez, Dagnas, et al., 2016). Thus, the increase of cor-
ticosterone in the PFC emerges as a key factor of WM impair-
ments in withdrawn animals. This conclusion is further
strengthened by our earlier studies that provide two-fold evi-
dence as follows: (a) the blockade of corticosterone synthesis
by metyrapone canceled out both the exaggerated increase of
corticosterone in the PFC and WM deficits in withdrawn
mice; (b) a pretest administration of a glucocorticoid receptor
(GR) antagonist into the PFC restored normal WM perfor-
mance in withdrawn animals (Dominguez, Belzung, et al.,
2016). It is noteworthy that there is existing evidence to date
that the medial prefrontal cortex is a target site for the
negative-feedback effects of glucocorticoids on stress-
induced HPA activity (Diorio, Viau, & Meaney, 1993).

GCs effects on WM could crucially depend on noradrener-
gic activity within the PFC to activate cAMP/PKA/CREB

�Fig. 5 a Results are expressed as mean ± SEM percentage of alternation.
During WM testing, both 1W and 6W-withdrawn mice showed reduced
spontaneous alternation rates on Trials 2-7 compared with the respective
water-controls (p < 0.05 in both analyses). Diazepam increase the alter-
nation rate in 1W withdrawn mice but not in 6W withdrawn. b No
between-groups difference was observed at the eighth trial of the series.
c Microphotograph illustrating the positioning of the cannula-tip in the
PFC. d Basal corticosterone levels (expressed in ng/mL) in dialysates
(i.e., mean ± SEM from 4 points measured before behavioral testing)
evidenced no significant difference in diazepam-treated mice compared
with respective controls. e–f Corticosterone responses measured in the
four experimental groups in the PFC before (−60 to −15-min points),
during (0 and 15-min points) and after (30 to 105-min points) behavioral
testing (grey rectangle). Values are expressed as percentage of respective
baseline values. Compared with respective Water groups, significant
greater corticosterone concentrations were observed at the 30-min point
(during memory testing) in withdrawn 1Wand 6Wmice (p < 0.05 in both
analyses); the exaggerated increase of corticosterone lasted up to the 45-
min point in both withdrawn groups (p < 0.01 versus respective controls)
before returning to baseline. f Diazepam significantly reduced corticoste-
rone concentrations at the time of memory testing (+15 min and +30 min)
in both withdrawn 1W and 6W groups and normalized the time-course
evolution of corticosterone after test. Bars represent mean ± SEM. *p <
0.05 and **p < 0.01 for 1W–withdrawn mice versus respective controls.
#p < 0.05 and ##p < 0.01 for 6W–withdrawn mice versus respective
controls
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cascade (Arnsten, 2009; Barsegyan, Mackenzie, Kurose,
McGaugh, & Roozendaal, 2010; Roozendaal, Quirarte, &
McGaugh, 2002). Indeed, there is existing evidence about
the relationships between CREB phosphorylation and GCs.
Thus, Focking, Holker, and Trapp (2003) evidenced an alter-
ation of CREB transcriptional activity in neurons repeatedly
treated with GCs. It has been shown that both MR
(Grossmann, Ruhs, Seiferth, & Gekle, 2010; Grossmann
et al., 2010) and GR receptors (Arnsten, 2009; Barsegyan,
Mackenzie, Kurose, McGaugh, & Roozendaal, 2010;
Roozendaal et al., 2010) are involved in such an interaction.
Interestingly, chronic ethanol treatment significantly de-
creased GR protein expression and GR response element
(GRE)-DNA binding both in the rat cortex and the dorsal
hippocampus and these changes persisted in the cortex only
during alcohol withdrawal (Roy, Mittal, Zhang, & Pandey,
2002). Congruently, we found in earlier studies that the bidi-
rectional modulation of plasma corticosterone levels (decrease
or increase) by systemic administration of metyrapone or cor-
ticosterone injections inwithdrawn orwater mice respectively,
also produced a bidirectional modulation of pCREB levels in
the PFC associated with either a WM improvement
(metyrapone in withdrawn animals) or impairment (cortico-
sterone in Water controls) (Dominguez, Dagnas, et al., 2016).
Thus, the regional level of corticosterone concentration is a
key determinant of pCREB activity in the PFC and accord-
ingly of WM performance.

Repeated diazepam administration alleviated
transiently only the cognitive and biological
alterations induced by alcohol-withdrawal

During alcohol withdrawal, GABA receptors are desensitized
and down-regulated, inducing a reduction of the inhibitory
action of GABAergic receptors and neuronal hyper-
excitability (in Beracochea, 2006), leading to emotional, cog-
nitive, and psychomotor dysfunction. The benzodiazepine di-
azepam is known to reduce neuronal excitability by its agonist
action on GABAA receptors and by increasing the opening of
the post-synaptic chloride channel at the membrane level
(Cartmell & Mitchell, 1994; Deeb, Nakamura, Frost, Davies,
&Moss, 2013). Given its anxiolytic action, diazepam is wide-
ly used during withdrawal in alcoholics. Indeed, beneficial
effects of benzodiazepines over cognitive functions have been
observed in alcoholics in the wake of an 8-day treatment
(Ritson & Chick, 1986) or on locomotor activity and social
behaviors in withdrawn rats (Knapp et al., 2005). Similarly,
our data, which show a significant reduction of corticosterone
concentration in the PFC of 1W withdrawn mice after repeat-
ed diazepam administration, are congruent with previous clin-
ical findings in alcoholics (Nava et al., 2007). Interestingly, it
is known that diazepam reduces the HPA axis response to
stress via its inhibitory action on CRH cells of the

paraventricular nucleus of the hypothalamus or other areas
of the HPA axis (Calogero et al., 1988b; Arvat et al., 2002;
Cullinan et al., 2008). Accordingly, we previously reported
that an acute systemic diazepam injection in aged mice re-
duced significantly the exaggerated stress-induced increase
of corticosterone concentrations both in plasma and into the
hippocampus (Beracochea et al., 2011).

In keeping with earlier findings, we hypothesized that the
sustained increase of the GABAergic neurotransmission by
diazepam could alleviate the cognitive and neural alterations
resulting from an excessive release of corticosterone during
behavioral testing in withdrawn animals. Such a hypothesis is
buttressed in the present study, because we showed that re-
peated diazepam administration (a) significantly reduced the
test-induced increase of corticosterone, (b) normalized
pCREB levels in the PFC, and (c) induced an improvement
of memory scores in withdrawn mice. Memory enhancement
in diazepam-treated mice may indeed seem unexpected given
the known amnestic effects of this compound (Venault et al.,
1986). Our own earlier studies also reported that an acute
administration of diazepam impaired spatial and working
memory (Borde, Jaffard, & Béracochéa, 1998; Borde &
Beracochea, 1999; Krazem, Borde, & Béracochéa, 2001). In
contrast, we reported that an acute diazepam administration
induced a memory-enhancing effect through the alleviation of
the excessive intra-hippocampus corticosterone release
among aged-mice under behavioral testing conditions
(Beracochea et al., 2011). In contrast to these previous studies,
diazepam is repeatedly administered throughout the present
study and is not detected in the blood of animals at the time
of memory testing. Thus, the beneficial effects of diazepam on
memory in 1W withdrawn mice stem more likely from a
sustained attenuation of the HPA axis response during the
withdrawal period rather than to an acute effect of the drug
at the time of behavioral testing.

We reported that the beneficial effects of repeated diaze-
pam administration are only transient, because they are not
statistically significant in 6W withdrawn animals. The failure
of repeated diazepam to counteract significantly the cognitive
and neurobiological disorders in 6W withdrawn mice may
stem either from persistent alterations of GABAA receptors
(Liang et al., 2014; Cagetti, Liang, Spigelman, & Olsen,
2003) or other alcohol-induced neuroadaptations that may
progressively develop over time after withdrawal. Indeed,
these alcohol-induced adaptations involve the dysregulation
of numerous signaling cascades, leading to persistent long-
term changes in transcriptional profiles of genes, through the
actions of transcription factors such as cAMP response
element-binding protein (CREB) and chromatin remodeling,
as reported earlier (Dagnas et al., 2013; Mons & Beracochea,
2016; Palmisano & Pandey, 2017). It then highlights the role
of alterations of cAMP-PKA-CREB signaling cascade and
potentially of histone acetylation within cortical and sub-
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cortical structures in the long-term persistence of withdrawal-
induced cognitive impairments (Arora et al., 2013;
Dominguez, Belzung, et al., 2016; Mons & Beracochea,
2016).

Conclusions

Our study evidenced that the repeated administration of diaz-
epam counteracts only transitorily the exaggerated test-
induced increase of corticosterone concentrations and
pCREB alterations into the PFC as well as WM deficits in
alcohol withdrawn mice. In view of preventing the reinstate-
ment of alcohol-seeking behavior and relapse often observed
in abstinent alcoholics, our present findings emphasize the
need to study the relative efficacy of pharmacological com-
pounds to counteract the long-lasting cognitive and biological
alterations resulting from alcohol withdrawal.
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