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synaptic plasticity from
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University of Bordeaux, CNRS, EPHE, INCIA, UMR 5287, Bordeaux, France

Introduction: The hippocampus and striatum have dissociable roles in memory
and are necessary for spatial and procedural/cued learning, respectively.
Emotionally charged, stressful events promote the use of striatal- over
hippocampus-dependent learning through the activation of the amygdala. An
emerging hypothesis suggests that chronic consumption of addictive drugs
similarly disrupt spatial/declarative memory while facilitating striatum-dependent
associative learning. This cognitive imbalance could contribute to maintain
addictive behaviors and increase the risk of relapse.

Methods: We first examined, in C57BL/6J male mice, whether chronic alcohol
consumption (CAC) and alcohol withdrawal (AW) might modulate the respective
use of spatial vs. single cue-based learning strategies, using a competition
protocol in the Barnes maze task. We then performed in vivo electrophysiological
studies in freely moving mice to assess learning-induced synaptic plasticity in
both the basolateral amygdala (BLA) to dorsal hippocampus (dCA1) and BLA to
dorsolateral striatum (DLS) pathways.

Results: We found that both CAC and early AW promote the use of cue-dependent
learning strategies, and potentiate plasticity in the BLA—-DLS pathway while
reducing the use of spatial memory and depressing BLA—dCA1 neurotransmission.

Discussion: These results support the view that CAC disrupt normal hippocampo-
striatal interactions, and suggest that targeting this cognitive imbalance through
spatial/declarative task training could be of great help to maintain protracted
abstinence in alcoholic patients.

alcohol, learning strategies, memory systems, hippocampus (CA1), dorsal striatum,
synaptic plasticity, addiction, amygdala

1. Introduction

Worldwide, 3 million deaths every year result from harmful use of alcohol, this represent
5.3% of all deaths, and more than 200 diseases and injury conditions are alcohol-attributable
(1). Beyond health consequences, alcohol use disorders bring significant social and economic
losses to individuals and society at large. Although treatments currently available help in
maintaining protracted abstinence, they have limited impact to improve the high relapse rate
observed in alcoholic patients (80%) defined as the inability to abstain from alcohol consumption
despite health and social negative consequences (2). The consequences of excessive alcohol use
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on cognitive functions have been extensively investigated using both
human and animal models (3). Studies in alcoholic patients and
animal models have generally provided converging evidence to
support the idea that long-term alcohol exposure has deleterious
effects on cognition. However, this may depend on the type of
cognitive processes involved, and critical factors such as time between
consumption and test or duration of withdrawal are often unknown
(3, 4). Furthermore, the contribution of cognitive effects of alcohol to
the development and maintenance of alcohol use disorders (AUDs)
remains poorly understood.

In both humans and animals, distinct neural systems underlie
different learning and memory processes (5, 6). Cognitive forms of
memory such as declarative memory, which encodes life events in a
specific space-time framework and in an explicit and conscious way
and spatial memory or relational memory which are based on
stimulus—stimulus associations, rely on the hippocampus, especially
but not exclusively the dorsal CA1 (5, 7-9). In contrast, procedural
memory which lead to unconscious habits require stimulus-response
(S-R) associative processing supported by the dorsal striatum (10-12).
Yet, these memory systems interact during learning either
cooperatively or competitively (6, 12-16). For instance, spatial
learning with reference to an array of distal cues can be subject to
competition with striatal-dependent response learning, and
dorsolateral striatal lesions facilitate spatial learning (17). It was
proposed that a persistent cognitive imbalance could maintain
addictive behaviors and increase the risk of relapse by disrupting
spatial/declarative memory while facilitating cue-dependent learning
(18-22). These qualitative changes in memory formation are also
induced by stress, which promotes a shift from spatial/declarative
memory to cued/procedural memory systems in both rodents and
humans (15, 23-26). Emotional modulations of hippocampal and
dorsal striatum memory systems are thought to be critically mediated
by the basolateral amygdala (BLA) which encodes stimulus-
reinforcement associations (27-29).

Strikingly, despite the large number of studies looking at the
consequences of alcohol use on cognition in humans and animals (3,
30), the impact of chronic alcohol consumption (CAC) and/or alcohol
withdrawal (AW) on dynamic interactions between memory systems
has not been extensively investigated. A long-lasting impairment in
working memory associated with frontal but not hippocampal
alterations was reported following AW (31). Yet, it remains of critical
importance to determine whether CAC have differential effects on
hippocampus vs. striatum dependent memory. Evidence supporting
the cognitive imbalance hypothesis between spatial and cue dependent
memory in CAC and/or AW animals would provide essential
information about cognitive behavioral therapies that could be used
to maintain protracted abstinence.

Here, we investigated the effects of CAC and AW on the selection
of navigational learning strategies, as well as learning-induced
synaptic plasticity within the hippocampus and dorsal striatum in
awaked, freely moving mice. As previously demonstrated, it is possible
to model flexibility properties and temporo-contextual indexation of
the human declarative memory through the study of spatial memory
in rodents via navigational tasks (32-34). We assessed spatial and cued
[i.e., beacon (35, 36)] learning strategies in mice after 5month-CAC,
or after a 1-week AW using a dual-solution task in a Barnes maze (24,
37). The latter is an adaptation of previously published procedures to
assess competition between hippocampus-dependent spatial learning
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and striatum-dependent cued learning in the water maze (21, 38-42).
As compared to the Morris water-maze, the Barnes maze minimizes
the test-induced stress (43) and allows in vivo electrophysiological
studies in freely moving mice. Therefore, we analyzed in freely moving
mice how CAC and AW alter learning-induced changes in synaptic
plasticity in the dorsal CA1 of the hippocampus (spatial learning-
related), and in the dorsolateral striatum (beacon cue-based learning).

2. Materials and methods

2.1. Animals

All surgical and experimental procedures were conducted in
accordance with the European Community, reviewed and approved
by The Ethics Committee of the University of Bordeaux (CEE50,
approval #12283). The study was conducted on 60 male C57BL6/]
mice obtained from Janvier Labs (France). Mice of 10 weeks old at
arrival were housed by groups of 10 in collective cages (425 x 276 x
153 mm; 820 cm?) and maintained at 22°C+ 1°C, under a 12:12 light-
dark cycle (lights on at 7:00a.m.). They were provided with food and
water ad libitum. At the age of 4months, 40 of them were submitted
to a 5months-CAC as described below. The C57BL6/]J strain has a
natural appetence for alcohol, and therefore exhibit spontaneous oral
consumption of significant amounts (44, 45). C57BL6/] mice perform
well in different spatial memory tasks including the Barnes maze (46,
47). Mice were kept in social housing for 4 months of the CAC, then
housed individually following surgery and for all the following
procedures (last month of CAC, AW, and subsequent Barnes maze and
electrophysiological experiments). Mice were aged 9months for
intracranial electrodes implantation and 9-10 months at the beginning
of the behavioral and electrophysiological experiments. To reduce fear
reactivity to the experimenter and non-specific experimental stress,
mice were handled 3-5min/day (48). All experimental procedures
were performed between 8:00a.m. and 6:00 p.m.

2.2. Experimental design

Twenty mice collectively housed were provided with water ad
libitum, and 40 other mice collectively housed were provided with
alcohol 12% ad libitum as the only drink for 18 weeks (chronic alcohol
consumption protocol, CAC; Figure 1A, blue). Stereotaxic surgeries
were then performed on these 60 mice for implanting two intracranial
electrodes allowing future repeated electrophysiological recordings of
the amygdalo-hippocampal (BLA —dCA1) or amygdalo-striatal
(BLA — DLS) transmission (Figure 1A, red and Figure 1B). Following
surgery, all 60 mice were kept single-housed. After 10 days of recovery,
22 of the mice that underwent the CAC procedure were submitted to
a progressive alcohol withdrawal (AW mice), while the 18 others
remained under alcohol 12% diet (CAC mice; Figure 1A, blue). The
20 mice under water regimen still only had access to water (Ctrl mice).

In order to investigate whether CAC and AW induced synaptic
plasticity modifications in BLA — dCA1 and BLA — DLS pathways,
we used an in vivo electrophysiological approach in freely moving
mice. Using the previously implanted intracranial electrodes
(Figure 1B), we recorded evoked field potentials (EFPs) in the dCA1
and the DLS after stimulating the BLA with various intensities. Thirty
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FIGURE 1

Experimental procedures. (A) Timeline describing the mice housing conditions (yellow), the drinking regimen (blue), and the temporal arrangement of
experimental procedures including stereotaxic surgery (red), handling (gray), Barnes Maze task (green), and concurrent in vivo electrophysiological
recordings (purple). Three mice groups were established based on their drinking regimen: AW (Alcohol Withdrawn, n=22), CAC (Chronic Alcohol
Consumption, n=17), and Ctrl (Controls, n=20). (B) Intracranial electrodes implanted by stereotaxic surgery for in vivo electrophysiology in freely
moving mice. All mice received a stimulating electrode in the basolateral nucleus of the amygdala (BLA), and a recording electrode either in the dorsal
CAL1 of the hippocampus (dCA1) or in the dorsolateral striatum (DLS), to record evoked field potentials (EFPs) either in the BLA—dCA1 or BLA—DLS
pathway. (C) Barnes Maze protocol used to assess spatial vs. non-spatial learning strategies. One of the 18 holes, called escape hole (red frame), led to
a shelter under the board allowing to escape from the exposed area of the BM. After habituation (Hab, Trial O, Day 4), mice were trained through 6
acquisition trials to enter the escape hole (Acq, Trials 1-6, Day 5). Remaining at the same location during trials 0—6, and signaled by a proximal cue
(bottle), the escape hole could be found through Random, Serial, Spatial or Cued strategy. To dissociate the use of Spatial vs. Cued-strategy (S/C), a
competition trial (Comp, Trial 7) was performed with two escape holes: the one at the same location that during Acq (S) and the one at the opposite
where the proximal cue was relocated. (C) Three retention trials were performed on Day 6 (Ret, Trials 8—10). (D) Timeline of EFPs recordings (BL, E1,
E15, E60; purple) and BM trials (t1-7; green) in a 4-mice cohort during Day 5 and 6. Mice were tested by cohort of maximum 4 individuals following
the order of passage and inter-trial intervals depicted in top (Acg/Comp, Day 5) and bottom (Ret, Day 6) tables. A maximum of 4 cohorts (16 mice)
were tested per day. Acq, acquisition; BL, Baseline recordings of EFPs in the BLA — dCA1 or DLS pathway; BM, Barnes Maze; E, Evoked field potentials
in the BLA — dCA1 or DLS pathway from1 to 60 after BM or HFS; Hab, habituation; Ret: retention; t, trial.

mice were used to study the BLA — dCA1 pathway (11 AW, 9 CAC,  habituation session (transport to the experimental room, electrodes
and 10 ctrl mice), while the 30 others were used to study the  connection-disconnection; Day 0, Hab, Figure 1 A, purple), an input—
BLA — DLS pathway (11 AW, 9 CAC, and 10 ctrl mice). After a  output curve was established to determine the optimal stimulation
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intensity of the BLA (BL1, Day 1). Mice were then recorded once a day
for 3 days and the collected data were used as baseline (BL2-4, Day
2-4; Figure 1A, purple) for the following electrophysiological measures.

To study the impact of CAC and AW on spatial and non-spatial
learning strategies, the 60 mice were then tested in the Barnes maze
task (BM; Figure 1A, green). The BM was a circular, exposed and
brightly lit area with 18 holes along its circumference (Figure 1C). One
of the 18 holes, called escape hole (red frame on Figure 1C), led to a
shelter under the maze allowing to escape from the exposed area of
the BM. After habituation (Trial 0, Hab, Day 4; Figure 1C), mice were
trained through six acquisition trials to locate and enter in the escape
hole that remained at the same location and was also signaled by a
proximal cue which can be used as a beacon to reach the goal (Trials
1-6, Acq, Day 5; Figure 1C). This design allowed the use of four search
strategies: spatial, cued, serial, and random (Figure 2). To dissociate
the use of Spatial vs. Cued strategy (S/C), a Competition trial (Trial 7,
Comp; Figure 1C) was performed with two escape holes: the one at the
same location that during Acquisition (S) and the one at the opposite
where the beacon cue was relocated (C). Three retention trials were
performed on Day 6 (Trials 8-10, Ret; Figure 1C).

With the aim of investigating whether CAC and AW procedures
impact the learning-induced BLA —dCAl and BLA— DLS
transmission, EFPs were recorded before (BL5 and 6) and after (1, 15
and 60min: E1, E15, E60) Acquisition/Competition (Day 5) and
Retention (Day 6; Figures 1A,C, purple). On Day 7, we finally
investigated the learning-induced metaplasticity in the BLA — dCA1
and BLA — DLS pathways. To this aim, a high-frequency stimulation
(HFS) was applied in the BLA and responses were recorded (either in
dCA1 or DLS) 1, 15, 45, and 60 min post HES (Figures 1A,C, purple).

To perform electrophysiological recordings at specific delays, mice
were tested in the BM task by cohort of maximum four individuals
(with at least one representative mouse of each group), following the
timeline described in Figure 1D. To test one cohort, it took 3h for
Acquisition-related measures (Day 5; BL5 + trials 1-6 + E1-60), and 2h
for Retention-related measures (Day 6; BL6 + trials 8-10+ E1-60). Per
day, a maximum of 4 cohorts were tested (two cohorts in the morning
and one or two cohort(s) in the afternoon, a maximum of 16 mice/
day). It took a total of 7 days for the whole BM experiment with the
associated electrophysiological recordings. The entire experiment has
been repeated 4 times on distinct dates to achieve a total number of
60 mice. Days 5 and 6 required two experimenters (one performing
behavioral assessment and another one concurrently performing
electrophysiological recordings).

At the end of the study, one CAC mice was excluded from BM
analysis due to the apparition of postural symptoms (rotation). Five
mice (3 AW and 2 Ctrl) were excluded from electrophysiological
analysis due to: electrode misplacement (DLS: 1 AW; BLA: 1 Ctrl), or
to signal loss (dysfunctional or displaced electrode; dCA1: 1 AW, DLS:
1 AW, 1 Ctrl).

2.3. Chronic alcohol consumption and
alcohol withdrawal procedures

At the age of 4 months, 40 mice (AW and CAC groups) were given
alcohol as unique source of drink, in concentrated solutions as follows:
4% the first week, 8% the second week and 12% for five consecutive
months (Figure 1A, blue). Previous studies in mice or rats
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demonstrated that repeated exposure up to 4 weeks did not result in
spatial deficits (49-52), whereas long-term drinking (about 3 months)
produced more consistent evidence of a spatial memory deficit (4,
53-55). Alcohol drinking solutions were prepared from ethanol 96%
(VWR Chemicals BDH®), diluted with tap water at either 4%, 8%, or
12% final concentration. The mean daily alcohol intake was
3.57+0.6mL/mouse, namely 15.34+4.3g/kg/day of alcohol. The
average blood alcohol level achieved during CAC was 0.57+0.23g/L
[commercial ELISA kit according to the procedure previously
described (31)]. After 5months of CAC, a part of alcohol-treated mice
was progressively withdrawn from alcohol as follows: 8% for 3 days,
then 4% for 3 days and finally water (AW group; Figure 1A, blue).
Mice of CAC group remained under the 12% (v/v) alcohol diet.
We previously showed that (i) pair-fed animals receiving, during the
same duration of alcohol exposure, an isocaloric solution of
dextromaltose did not exhibit any sign of neurobiological disorders;
(ii) alcohol ingestion represented less than 20 percent of the total
caloric intake; and (iii) the alcohol group consumed a higher daily
amount of solution than water controls (56). Therefore, mice of the
CAC group were neither malnourished nor dehydrated during the
alcohol treatment.

2.4. Stereotaxic surgery

All mice received two intracranial electrodes (Figure 1B) by
stereotaxic surgery: a stimulating electrode in the basolateral nucleus
of the amygdala (BLA, in mm from Bregma: -1.6 AP, +3.0L, —4.5
DV), and a recording electrode either in the dorsal CAl of the
hippocampus (dCA1, in mm from Bregma: -2.0 AP, +1.3L, —1.15
DV) or in the dorsolateral striatum (DLS, in mm from Bregma:
+0.5mm AP, +2.1L, —2.0 DV). Each electrode was composed of two
twisted tungsten wire of 80 pm in diameter, soldered to connectors.
Under general anesthesia (10% Ketamine +4% Xylazine, 0.1 mL/10g,
i.p injection), mice were mounted on a stereotaxic frame and HCL
Lidocaine (Xylocaine®, 5%) was locally applied. Once the scalp was
incised and retracted, electrode positions were identified from Bregma
and according to stereotaxic coordinates indicated above. Stimulating
and recording electrodes were both implanted in the right cerebral
hemisphere, and were fixed in place with dental cement (Palavit G,
Promodentaire) and two screws (inox; screw thread: @=0.5mm;
length =1 mm; FOM 2000) inserted in the skull. Mice were allowed to
recover from surgery for at least 10 days before beginning of the AW
procedure, while their weight and general state of health were
controlled daily.

2.5. Assessing spatial vs. non-spatial
learning strategies in the Barnes maze

2.5.1. Apparatus

The Barnes Maze (BM) was a white circular board (110cm @),
elevated and pierced with 18 regularly spaced holes on its
circumference (Figure 1C). The underside of the maze enabled to fix,
under the desired hole(s), a small shelter cavity with black hard plastic
base covered by litter. The holes leading to a shelter (escape holes)
were indicated by a red frame in the Figure 1C. As in Schwabe et al.
(24), a transparent 0.5 L plastic bottle filled with water was used as
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FIGURE 2
Search strategies in the Barnes maze task. (A) The Spatial/Cued strategy was defined as moving directly to the S/C hole (0 error) or to less than 3 holes
before entering in the S/C hole (<3 errors), during Habituation and Acquisition sessions. The Spatial strategy was defined as moving directly to the S
hole (0 error) or to less than 3 holes before entering in the S hole (< 3 errors), during Competition and Retention sessions. Errors were made on holes
either adjacent (direct), or non-adjacent (indirect) to the escape one. (B) The Cued strategy was defined as moving directly to the C hole (0 error) or to
less than 3 holes before entering in the C hole (<3 errors), during Competition and Retention sessions. Errors were made on holes either adjacent
(direct), or non-adjacent (indirect) to the escape one. (C) The Serial strategy was allocated when the entry into the escape hole was preceded by
visiting at least 4 adjacent holes in serial manner (clockwise or counter-clockwise direction). (D) The Random strategy was defined as hole searches
separated by crossing through the center of the maze.

beacon cue to signal the desired escape holes. Extra-maze visual cues
(e.g., wall decoration, furniture in the room) provided mice with
spatial references. The experimenter remained out of the BM room so
as not to become a spatial cue for the animal and was able to see trials
directly through video monitoring. The course of each animal was
recorded and analyzed with an automated tracking system
(VideoTrack®, Champagne au Mont d'Or, France). A bright lightening
(200 lux) and a fan generating an airflow of 3 m/s motivated animals
to leave the exposed area by entering in the escape hole. Prior every
BM session, mice had a 30min-period of acclimation to the

Frontiers in Psychiatry

experimental room during which drinking bottles were removed from
the home cages.

2.5.2. Habituation (trial O, day 4)

At the beginning of each trial, mice were placed in a cylinder
(25cm high, 10cm in diameter) located at the center of the maze.
After 5s, the cylinder was lifted and mice could explore the board
during 3min and exit through the unique hole offering a shelter
(Figure 1C, Hab). At the end of that period of 180s, if necessary, the
mouse was gently guided and confined in front of the escape hole
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through a turned transparent cage. Once in the shelter, the mouse was
left 30 s and then replaced in its home cage.

2.5.3. Acquisition (trials 1-6, day 5), competition
(trial 7, day 5), and retention (trials 8—10, day 6)

On Day 5 (24 h after habituation), mice were trained during six
consecutive trials to locate and enter in the escape hole in less than
180s. Learning in the BM was assessed by the escape latency (time to
enter into the escape hole), total number of errors committed before
entering the escape hole, and path length (total distance) required to
enter the escape hole. There was a unique escape hole that remained
at the same position over the six-acquisition trials and was signaled by
the cue (bottle; Figure 1C, Acq). This design allowed the use of three
search strategies: (1) the employment of the extra-maze distal cues
and/or the intra-maze beacon cue (Spatial/Cued); (2) the sequential
verification of holes (Serial strategy); and (3) the unorganized search
(Random strategy). Detailed definitions of the search strategies are
provided in Figure 2. The relatively low number of trials was chosen
to avoid training to asymptotic performance which would promote
the exclusive use of a Cued strategy (24, 57). At the beginning of each
trial, the cylinder was left in such way that the head of the mouse was
randomly oriented. If a mouse did not enter the shelter within 180s,
the experimenter guided it as during habituation. After each trial, the
board was wiped with 12% ethanol solution to spread odor cues and
litter in the cavity was changed. The inter-trial interval (ITT) was from
6 to 9min.

Fifteen minutes after the last (6th) trial of the Acquisition, mice
were submitted to a Competition trial (Trial 7, Comp; Figure 1C) in
order to dissociate the use of Spatial vs. Cued strategy (S/C). In this
trial 7, the bottle was relocated to the hole symmetrically opposite
to its position during the trials 0-6, and two escape holes were
available: the one at the same location that during acquisition (S)
and the one at the opposite where the beacon cue (bottle) was
relocated (C). In this trial, moving directly to the S hole (0 error) or
to less than 3 holes before entering in the S hole (< 3 errors) was
classified as spatial strategy (S). Moving directly to the C hole (0
error) or to less than three holes before entering in the C hole (<3
errors) was classified as Cued strategy (C) (See Figure 2). Three
retention trials, identical to trial 7, were performed 24h later on
Day 6 (Trials 8-10, Ret; Figure 1C).

2.6. In vivo electrophysiology in freely
moving mice

2.6.1. Induction and recording of evoked field
potentials (days 0—-6)

As measures were performed on awaked animals, mice were
previously habituated to the transport to the experimental room and
to electrodes connection-disconnection (Hab, Day 0; Figure 1C,
purple). Habituation was followed by 4days (Days 1-4) of basal
electrophysiological responses recording (BL1-4, one session per day;
Figure 1C, purple). Field potentials were evoked in the dCA1 or DLS
by ipsilateral stimulation of the BLA (100 ps rectangular biphasic
pulses). Stimulating electrode was connected to operational amplifiers
with JFET input (Junctions in Field Effect Transistors) placed on the
mouse head. Evoked field potentials (EFPs) were amplified (x1,000),
filtered by bandwidths (1-1,000 Hz; A-M systems), and recorded with
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a microcomputer (1401 CED interface) for ulterior analysis (Signal3
software). Six responses, at 0.1Hz frequency, were recorded per
session. The amplitude of the dCA1 responses were measured from
the top peak (black asterisk; Figure 3E, dCA1I) to the bottom of the
sink of the negative wave N1 (Figure 3E, dCAI) and the amplitude of
the DLS responses were measured from the bottom of the small sink
right after the stimulation artifact (black asterisk; Figure 3E, DLS) to
the top of the positive wave P1 (Figure 3E, DLS). Baseline (BL)
responses were established by means of stimulation intensity sufficient
to elicit a response representing 50%-70% of the maximal amplitude
of the evoked field potentials (EFPs). To determine the optimal
stimulation intensity for each mouse, an input-output curve was
established at various stimulus intensities (0.05, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, and 0.7mA) on Day 1 (BL1). This determined optimal stimulation
intensity was then used to evoke all the field potentials recorded before
and after the BM task (Days 2-6; Figure 1A, purple). On Day 4, EFPs
in the BLA—dCAL1 or BLA — DLS pathway were recorded 6 min
before the trial 0 of BM Habituation (BL4). On Day 5, EFPs were
recorded 6 min before the trial 1 of BM Acquisition (BL5) and 1, 15,
and 60 min after the trial 7 of BM Competition (E1, 15, 60). On Day
6, EFPs were recorded 6 min before the trial 8 of BM Retention (BL6)
and 1, 15, and 60 min after the trial 10 of BM Retention (E1, 15, 60).
Learning-induced changes were expressed as the mean percentage
(#SEM) of the individual basal values (BL2-4) of animals for
each group.

2.6.2. High-frequency stimulation protocol (day 7)

On Day 7, EFPs in the BLA — dCA1 or BLA — DLS pathway were
recorded and compared with baseline established on Day 2-4 (BL2-4),
and stimulating intensity were adjusted (decreased or increased) to
reach this basal level. A High-Frequency Stimulation protocol (HES:
5 trains of 5 pulses at 100Hz) designed to induce a Long-Term
Potentiation (LTP) was applied in the BLA immediately after the
record of a new basal line. Ten responses at 0.1 Hz were recorded
(either in CA1 or DLS) 1, 15, 45, and 60 min post HFS. HFS-induced
changes were expressed as the mean percentage (+SEM) of the
individual basal values.

2.7. Statistical analysis

The performance variables in the BM (escape latency, number of
errors, and path length) were analyzed using one-way and two-way
analyses variance (ANOVAs), with one between-subject factor
“Group” (CAC, AW, Ctrl) and the within-subject factor with repeated
measures “Trial” Post-hoc Bonferroni/Dunnett’s multiple comparisons
analysis were performed when adequate. Concerning the strategies,
an overall frequency was calculated for each type of search strategy
(Random, Serial, Spatial/Cued, Cued, and Spatial) for each mouse,
and these rates were averaged to obtain a group mean for each strategy
for a session (Habituation, Acquisition, Competition, or Retention).
For each search strategy, differences among groups were determined
by one-way and two-way ANOVAs with the between-subject factor
“Group” (AW, CAC, Ctrl) and the within-subject factor with repeated
measures “Session” (Habituation, Acquisition, Competition, and
Retention). The paired t-test was used to determine whether within
the same group the frequency of use of a strategy differed significantly
from a session to another one. For electrophysiological data, the
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FIGURE 3

Effects of CAC and AW procedures on BLA—~dCA1 and BLA—DLS neurotransmission. (A) Microphotographs of thionine-stained 50pm-thick brain slices
showing (black arrows) the localization of the recording electrode tip in the dCAL1 (left) and the DLS (right); and of the stimulating electrode tip in the
BLA (center). (B=D) I/O curves showing the variation of EFPs amplitudes as a function of various BLA stimulation intensities (0—0.7mA; curves) and the
BLA stimulation intensities used to evoked FPs representing 50%-70% of the maximal amplitude of the EFPs (C) in the dCA1 (B), or in the DLS (D).
*p<0.05: group effect. (E) Representative trace of BLA stimulation-EFPs in vivo recordings in dCA1 and DLS. (F-H) detailed locations of the recording
electrode tip in the dCA1 (F) and the DLS (H); and of the stimulating electrode tip in the BLA (G).

paired t-test was used to determine whether EFPs differed significantly ~ and the within-subject factor with repeated measures “Delay” (3 or 4
from baseline. Then, differences among groups were determined by  delays: 1, 15, 60 min post-Acquisition or post-Retention; and 1, 15, 45,
ANOVAs with the between-subject factor “Group” (AW, CAC, Ctrl)  and 60min post-HFS). These analyses were conducted using
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GraphPad Prism and Statview. For all tests, p <0.05 was considered
statistically significant.

3. Results

3.1. Effects of CAC and AW on spatial vs.
non spatial learning strategies

Mice were first trained during one habituation trial (Trial 0, Hab,
Day 4) and six consecutive acquisition trials (Trials 1-6, Acg, Day 5)
to escape from the exposed area of the Barnes maze by entering the
escape hole in less than 180s (red frame, Figure 1C). As shown in
Figures 4A-C, all groups learned the BM task as indicated by the
decreases in escape latencies, errors, and path lengths across trials.
Repeated-measures group x trials ANOVAs including data from trial
0 to 6 revealed a significant effect of trial for each of these performance
variables [Escape Latency: F(6,336)=14.91, p<0.0001; Errors:
F(6,336)=4.97, p<0.0001; Path Length: F(6,336)=7.45, p<0.0001;
t0-6, Hab-Acq, Figures 4A-C]. However, there was no effect of group
or group x trial interactions for these measures, suggesting that both
CAC and AW mice learned the BM task with similar performance
accuracy relative to controls.

Analysis of the search strategy indicated that the groups did not
differ also in their way of solving the task (Figures 4D,E). Indeed,
during training (trials 0-6), the escape hole was signaled by a proximal
beacon cue (bottle) and was always located in the same position
relative to distal extra-maze cues in the room. In this configuration,
the strategy used to locate the escape hole was classified as Spatial/
Cued, Serial or Random (Figure 2). During the first trial, all groups
exhibited similar strategy patterns with a strong preference for a
Random strategy (mean use of 76.3% +4.2%) over Serial and Spatial/
Cued searches (10, Hab, Figure 4D). Twenty-four hours later, all
groups decreased their use of the Random strategy (from mean use of
76.3+4.2% to 33.6£2.3%), and conversely increased their use of the
Spatial/Cued strategy which became predominant (from mean use of
6.8+3.3 to 43.8+2.5%; t1-6, Acq, Figure 4E). In line with these
findings, ANOVAs confirmed the main effect of session for the use of
these strategies (Random: F(1,56)=39.56, p<0.0001; Spatial/Cued:
F(1,56)=80.14, p<0.0001) but no effect of group nor group x session
interaction (Figure 4E).

To better understand the dynamics of these strategy patterns,
we examine the efficiency of each search strategy. To this aim, escape
latencies and errors of all acquisition trials were pooled per strategy
regardless of the group (t1-6; Acg, Figures 4H,I). One-way ANOVAs
indicated a main effect of strategy for the two variables [escape
latency: F(2,140)=36.25, p<0.0001; and error: F(2,140)=80.98,
p<0.0001]. The Random strategy was significantly slower than the
Serial strategy (Bonferroni post-hoc analysis, p=0.0088), which, in
turn, was significantly slower than the Spatial/Cued strategy
(Bonferroni post-hoc analysis, p <0.0001; Figure 4H). Both Random
and Serial strategies led to significantly more errors than the Spatial/
Cued strategy (Bonferroni post-hoc analysis, respectively: p <0.0001
and p <0.0001; Figure 4I). Again, no effect of group nor interaction
group X strategy were found. Thus, the escape was optimized by the
use of proximal and/or numerous distal cues (i.e., Spatial/Cue
strategy) in all groups.
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To dissociate the use of Spatial vs. Cued strategy (S/C), the 7th
trial was performed in a competition configuration, i.e., with two
escape holes: the spatial one at the same location that during
acquisition (same position relative to distal extra-maze cues in the
room; S) and the cued one at the opposite where the beacon cue was
relocated (C; Trial 7, Comp, Day 5; Figure 1C). As in the previous
trials, there was no effect of group on escape latencies, errors, and path
lengths during trial 7 (17, Comp; Figures 4A-C). This competition trial
revealed that all groups favored the Spatial strategy over a Cued
strategy (respectively, 40.9£2.5% vs. 27.3+2.0% for AW; 70.6 £2.2%
vs. 11.8+1.1% for CAC; and 50.0+2.6% vs. 15.0+1.3% for Ctrl;
Figure 4F). However, AW mice tended to have lower use of the Spatial
strategy and conversely higher use of the Cued strategy as compared
to CAC and Ctrl mice.

When tested 24 h later in the same competition design (Trials
8-10, Ret; Figure 1C), the three groups differed both in terms of
performance and strategy patterns. A main effect of group was found
for escape latencies [F(2,56) = 3.36, p=0.041] and errors [F(2,56) =
4.01, p=0.023], but not for path lengths (t8-9, Ret; Figures 4A-C).
AW mice exhibited longer escape latencies than the Ctrl group
(Bonferroni/Dunnett’s post-hoc AW vs. Ctrl: p=0.014), and also
committed significantly more errors (p=0.0070). Furthermore, while
Ctrl mice mostly favored the Spatial strategy (66.7% +11.7%) over
non-spatial strategies, AW group did not have predominant search
strategy during Retention (use of each of the four strategies closed to
25%; Figure 4G). Interestingly, the CAC group showed an intermediate
profile: half of their searches based on a Spatial strategy (49.0% * 8.5%)
and the other half distributed equitably between the three non-spatial
strategies. In accordance with these observations, the frequency of use
of a Spatial strategy was significantly reduced in the AW group
compared to Ctrl group [group effect: F(2,56)=6.08, p=0.0041;
Bonferroni/Dunnett’s post-hoc AW vs. Ctrl: p=0.0010]. Conversely,
the frequency of use of a Cued strategy was increased in the AW
compared to Ctrl group (19.7% £10.0% vs. 5.0% + 1.5%; p=0.060).

In contrast to Ctrl group, AW group did not display a preference
for the Spatial strategy over the Cued strategy during Retention
(Figure 4L). Accordingly, there was a main effect of group for the
Spatial over Cued preference score [F(2,57) = 5,88, p=0,0047; AW vs.
Ctrl: p=0,0035; Figure 4L]. Analysis of the strategy efficiency
(Figures 4],K), indicated that the Cued strategy took as long and leads
to the same number of errors as the Spatial strategy. Thus, the
increased use of the Cued strategy observed in AW mice (and at a
lesser extend in CAC mice) may compensate a lower ability to use the
Spatial strategy. However, despite this switch, AW mice exhibited
lower performances than CAC and Ctrl mice during trials 8 to 10. This
was likely due to their lower prevalence of the use of cue-based
strategies (Cued and Spatial) vs. non-cue responses (Random and
Serial), respectively: 53% vs. 47%, compared to 72% vs. 28% in Ctrl
and 63% vs. 37% in CAC mice. Indeed, as illustrated in Figures 4],K,
the two non-cue responses (Random and Serial) were less efficient
that the cue-based strategies (Cued and Spatial). Thus, leading to an
effect of search strategy for escape latencies and errors [latencies:
F(3,113)=14,86, p<0,0001; R vs. S: p<0,0001; R vs. C: p<0,0001;
errors: F(3,113)=35,76, p<0,0001; R vs. C: p<0.0001; R vs. S:
p<0.0001; Ser vs. C: p=0.0003; Ser vs. S: p <0.0001].

Mice were tested in the BM experiment between 9a.m. and
4:30p.m., and all three groups were homogenously spread across
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Effects of CAC and AW on Spatial vs. non-Spatial learning strategies in the Barnes maze task. (A—C) Escape latencies (A), errors (B), and path lengths

(C) over the course of the habituation trial (tO, Hab), the six acquisition trials (tI-6, Acq), the competition trial (t7, Comp), and the 3 retention trials
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AW, CAC and Ctrl group (from top to bottom) during: habituation (D), acquisition (E), competition (F), or retention (G). ***p<0.05: comparison with Ctrl
group; @@®p<0.001: comparison with previous session. #p=0.060: vs. Ctrl group, close to significance. (H,l) Escape latency (H) and errors (1) for all
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Frontiers in Psychiatry

09

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1129030
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Tochon et al.

mornings and afternoons. Still, we controlled for the influence of test
time, and found no effect of this parameter for the frequency of use of
each search strategy (Supplementary Figure 1), as it was previously
reported that rodents will change their learning behavior from spatial
to procedural depending on the light-dark cycle (58). Moreover,
changes observed in alcohol-treated groups cannot be attributed to
alterations of locomotor activity, as there was no group difference in
velocity: neither during the very first trial (mean speed in m/s:
7.7+3.1, 8.1£2.1, and 9.0+4.0 for AW, CAC, and Ctrl group,
respectively; t0, hab, Day 4); nor throughout the whole BM experiment
(8.4+3.0,8.9£4.0 and 9.3+ 3.4; t0-t10, Day 4-6).

3.2. Effects of CAC and AW on BLA—-dCA1l
and BLA—DLS neurotransmission

We then investigated whether CAC and AW induced functional
modifications in the BLA - dCA1l and BLA — DLS transmission,
using in vivo electrophysiology in freely moving mice. We examined
field potentials evoked (EFPs) in the dCA1 and the DLS by stimulation
of the BLA. Three mice were excluded from the study due to signal
loss (dysfunctional or displaced electrode; dCA1: 1 AW, DLS: 1 AW, 1
Ctrl). Based on histological analysis, two supplemental mice were
excluded due to electrode misplacement (DLS: 1 AW; BLA: 1 Ctrl). All
other selected animals on the basis of electrophysiological criteria (i.e.,
quality and stability of basal recordings: n=55) showed a correct
positioning of the stimulating and recording electrodes, respectively,
in the BLA and dCA1/DLS. Examples of correct locations are provided
in Figure 3A and detailed locations are provided in Figures 3F-H.

The input-output curves established the optimal stimulation
intensities (Figure 3C) and showed that both CAC and AW treatments
reduced basal excitability in the BLA — dCA1 but not the BLA — DLS
pathway (Figures 3B vs. 3D). In support, repeated-measures group x
intensities ANOVAs indicated a main effect of group [F(2,25) = 5.17,
p=0.013; Bonferroni/Dunn post-hoc, AW vs. Ctrl: p=0.0051], and a
significant intensity x group interaction [F(14,175)=3.77, p <0.0001],
for the EFP measures in dCA1 (Figure 3B).

3.3. Effects of CAC and AW on
learning-induced BLA—dCA1 and
BLA—DLS transmission

3.3.1. BLAdCAL pathway

With the aim of investigating whether CAC and AW impact the
learning-induced changes in BLA — dCA1 transmission, we analyzed
EFPs recorded at different time points before and after the BM task
(Figure 5A). We first observed that AW mice exhibited a transient
decrease in BLA — dCA1 signal amplitude relative to baseline level, 1
and 15min after BM Acquisition/Competition [post-Acq/Comp vs.
BL: £(29)=2.58, p=0.015; 1’ vs. BL: #(9)=5.58, p=0.0003; 15’ vs. BL:
1(9)=2.024, p=0.073 ns; Post-Acq/Comp, Figure 5A]. No significant
change was observed in CAC and Ctrl groups [post-Acq/Comp vs. BL,
in CAC: #(26)=1.01, p=0.32ns; in Ctrl: #(29)=1.88, p=0.069ns].
Changes observed in AW mice 1 min after completion of the BM Acq/
Comp were significantly different from Ctrl mice [F(1,18) = 8.03,
p=0.011; 1" post-Acq/Comp, Figure 5A].

Post retention recordings revealed an opposite pattern of changes
in BLA—dCALl transmission in both alcohol-exposed groups as
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compared to controls (Post-Ret, Figure 5A). Ctrl mice exhibited a
significant increase in amplitude relative to BL, 1 to 60 min after BM
Retention [#(29)=2.97, p=0.0059]. In contrast, CAC and AW mice
displayed a decrease which was significant only for AW mice at 1 and
15min post-Ret [£(29)=4.84, p<0.0001; at 1'; (9)=2.95, p=0.016; at 15:
#(9)=3.28, p=0.0095]. Repeated-measures group x delays ANOVA that
included recordings from 1 to 60 min post-Ret revealed a significant
effect of group [F(2,26) = 5.52, p=0.010] and delay [F(2,52) = 7.78,
p=0.0011], but no group x delay interaction [F(4,52)=1.85, p=0.13 ns].
Changes observed in AW mice were significantly different from Ctrl
mice from 1 to 60 min after BM Ret [1": F(1,18) = 7.08, p=0.015; 15"
F(1,18) = 6.38, p=0.021; 60": F(1,18) = 0.0029]. Changes observed in
CAC mice were significantly different from Ctrl mice only 1 min after
BM Ret [F(1,17) = 4.29, p=0.050].

BM-induced modifications in BLA — dCA1 synaptic plasticity did
not persist, as evoked responses amplitude always returned to pre-test
values 24 h later (24 h post-Hab, 24 h post-Acq/Comp and 24 h post-Ret,
Figure 5A). No group effect was observed at any of these 24 h delays.

3.3.2. BLA—DLS pathway

We found that learning-induced modifications in the BLA — DLS
transmission were completely inverted as compared to those observed
in the BLA — dCA1 pathway (see Figures 5A vs. 5B). AW and CAC
mice displayed a significant increase in DLS EFPs amplitude following
BM Acquisition/Competition [post-Acq/Comp vs. BL, in AW: #(26) =
4.303, p=0.0002; in CAC group: #(26) = 2.42, p=0.022; Post-Acq/
Comp, Figure 5B]. Ctrl mice exhibited instead a significant decrease
relative to baseline at the first delay [1” post-Acq/Comp vs. BL: #(7) =
3.16, p=0.015]. The amplitude of DLS-EFPs in AW mice was
significantly higher than Ctrl mice, regardless of the delay [Group
effect: F(1,15) = 8.32, p=0.011; Delay effect: F(2,30) = 1.92, p=0.161s;
Group X Delay interaction: F(2,30) = 0.23, p=0.79 ns].

Changes in BLA — DLS synaptic transmission following the BM
Retention were similar to those observed after the training (Post-Ret,
Figure 5B). All alcohol-exposed, but mainly AW mice displayed a
significant increase in BLA — DLS transmission [Post-Ret vs. BL, in
AW mice: #(26) = 4.87, p<0.0001; in CAC group: #(26) = 2.48,
p=0.019]. In sharp contrast, Ctr]l mice displayed a significant short-
term decrease [15" post-Ret vs. BL: #(7) = 4.69, p=0.0022]. Repeated-
measures group x delays ANOVA that included recordings from 1 to
60 min post-Ret thus yielded a main effect of group [F(2,23) = 3.52;
p=0.046] and a significant effect of delay [F(2,46) = 4.46; p=0.017];
but no group x delay interaction [F(4,46) = 1.25, p=0.30ns].

As in the dCA1l, BM-induced modifications in BLA — DLS
synaptic plasticity did not persist, as evoked responses amplitude
recorded 24 h later were not significantly different from pre-BM values
(24 h post-Hab, 24 h post-Acq/Comp and 24 h post-Ret; Figure 5B). No
group effect was observed at any of these 24 h delays.

3.3.3. Learning-induced metaplasticity: effects of
high-frequency stimulation

In control mice, high-frequency stimulation (HFS) induced a
strong LTP in dCA1 [post-HFS vs. BL: #(39) = 4.46, p<0.0001;
Figure 5C], but elicited a significant post-tetanic depression (—40%)
in the DLS [post-HFS vs. BL: #(31) = 2.82, p=0.0083; Figure 5D] with
a return to BL within 15min. In contrast, HFS induced a steady LTP
in the DLS of AW mice [post-HFS vs. BL: #(35) = 3.83, p=0.0005;
Figure 5D], and no significant modification in the CAC group. No
significant changes were observed in dCA1 for these two groups after
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HES. Repeated-measures group x delays ANOVA that included DLS
recordings from 1 to 60 min post-HFS, revealed a main effect of group
[F(2,23) = 3.31, p=0.050], a significant effect of delay [F(3,69) = 12.47,
p<0.0001] and a significant Group x Delay interaction [F(6,69) =
2.91, p=0.013].

4. Discussion

In the present study, we investigated spatial and cued (i.e., beacon)
learning abilities in chronically alcoholized (CAC), alcohol withdrawn
(AW), and control (Ctrl) mice, using a competitive version of the
Barnes maze task and in vivo electrophysiological recordings of
neurotransmission in dorsal CA1 and dorsolateral striatum. We first
observed that learning performances were very similar in alcohol
exposed and non-alcohol exposed mice, suggesting that neither CAC
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nor AW induced apparent deficits as assessed by escape latencies,
errors, and path lengths. Furthermore, all groups similarly learnt to
favor the cue-guided strategies, which were more efficient than serial
or random searches to solve the task. Among these cue-based
strategies, both alcohol exposed and non-alcohol exposed groups
favored the Spatial strategy over the Cued one, as revealed by the
competition trial performed at the end of the training session. These
results are in line with previous studies demonstrating that mice use
spatial cues preferentially when both spatial and beacon cues are
available (59). However, this preference was less marked in AW mice,
which tended to show a lower use of a Spatial strategy and conversely
higher use of a Cued strategy as compared to CAC and Ctrl mice.
More importantly, evaluation of the performances 24 h after training,
revealed an impairment in hippocampus-dependent learning and
memory processing in alcohol exposed mice. Indeed, while Ctrl mice
increased their use of Spatial over non-spatial strategies and kept
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improving their escape performances between acquisition and
retention trials, the use of the Spatial strategy decreased in both
alcohol exposed groups. In particular, AW mice significantly differed
both quantitatively and qualitatively from Ctrl group. The lower use
of the Spatial strategy observed in AW mice was compensated by a
higher use of the Cued strategy. The availability of salient intra-maze
cues is known to prevent the impairment of spatial memory (24, 26,
60), which fits well with the conceptual frame of dynamic interactions
between memory systems (6, 14, 38). Accordingly, we found that the
Cued strategy was as performant as the Spatial one. Nevertheless, the
Spatial-to-Cued switch observed in AW mice did not appear sufficient
to solve the task optimally in a retention situation, as they displayed
lower escape performances than Ctrl mice. Currently, it is thought
that, in dual-solution navigational tasks, the spatial memory system is
the first recruited and that with task repetitiveness, the striatal system
takes over and starts to guide behavior (57, 61, 62). In the present
study, we chose a limited number of training trials to avoid the
exclusive use of a striatal Cue-based strategy (38). Thus, whether an
increased number of trials could help AW mice to eventually perform
to the level of Ctrl is an open question that need to be further
investigated. Still, AW mice did not exhibit apparent learning deficits
that, the
DLS-dependent strategy may also be recruited from the initial stages

during acquisition, suggesting when available,
of learning a navigational task. Indeed, we previously highlighted that
the hippocampus is not always the first to provide a solution (38).
Accordingly, a more recent study showed that in a dual double-H
maze task, rats first approach the task on the basis of response learning
(i.e., Cued strategy) and construct a cognitive map later on (16).

Since the CAC group showed an intermediate profile between the
AW and Ctrl groups, it is likely that long-term alcohol exposure is
responsible for the spatial deficit observed during Retention, which
appear to be precipitated during AW (3). Importantly, the Spatial-to-
Cued switch was a complementary yet different mechanism from the
well-known habit-forming action of addictive drugs and specific S-R
associations which play a critical role in cue-induced relapse (63-65).
Instead, as previously described for opiates (18, 21), we suggest that
CAC could maintain the DLS memory circuit in a hyperactive mode,
thus disrupting flexible interactions between memory systems that
normally occur during learning. This view fits well with the general
frame of dual-process models dissociating the role of impulsive
automatic/reflexive vs. goal-directed, reflective, and controlled
behaviors in alcohol and drug addiction (66, 67).

We then carried out a series of electrophysiological recordings in
freely moving mice to determine whether modifications in synaptic
plasticity could be related to CAC and AW-induced changes in
cognitive strategies used to solve the task. Modulation of the
connection strength between neurons is considered as one of the
mechanisms by which memory traces are encoded and stored in the
brain. The selection of the most adapted memory system is based on
synaptic rearrangements through LTP or LTD. Previous studies have
reported post-training increases in synaptic plasticity markers such as
phosphorylation of CREB in the dorsal hippocampus after spatial
learning and in the dorsal striatum after cued learning, respectively
(68, 69). We first observed that, as expected, accurate spatial reference
memory was associated with a potentiation in the dCA1 following
acquisition of the Barnes maze task in Ctrl mice. Interestingly,
we found a concurrent depression of synaptic transmission in the
DLS. Strikingly, this pattern of synaptic plasticity was completely
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inverted in alcohol-exposed mice (CAC and AW groups), which
displayed a strong LTD in the dCAl but a potentiation in the
DLS. These findings are consistent with the view that, like other
addictive drugs, alcohol use disrupts normal synaptic dCAl
transmission (70) and hippocampal-striatal interactions, as previously
reported in mice with a history of opiate self-administration (18, 19,
21). In non-alcohol exposed mice, the use of spatial strategy relied on
an enhanced BLA — dCA1 transmission and a reduced BLA — DLS
transmission. A completely opposite pattern was observed in both
CAC and AW mouse which used the Cued strategy more frequently,
displayed a reduced BLA —dCA1 transmission and an enhanced
BLA — DLS transmission.

In physiological conditions, metaplasticity is adjusted so that
neuronal networks are prepared for specific information encoding,
thereby ensuring long-term memory storage. Yet the ability to
generate LTP is impaired in the dCA1 of CAC and AW mice, and
conversely enhanced in the DLS of AW mice. Impaired LTP in
BLA —dCA1l pathway and enhanced synaptic transmission in
BLA — DLS pathway in AW and mice still under alcohol provides a
neuronal basis for the preferential use of Cue learning as revealed by
the Barnes maze task. This view is in good agreement with the
previous observation of a preferential use of habitual over spatial
strategies, combined with an increased dendritic complexity in the
DLS of chronically stressed rats (71). It should be noted that
BLA — DLS transmission increased more moderately in mice still
under alcohol, and that BLA — dCA1 transmission declined more
moderately than in withdrawn mice. Consistently, memory
performance also appeared intermediate between those of control and
withdrawn mice. Our results thus suggest that withdrawal could
aggravate the cognitive and neural alterations which progressively
develop over CAC. These findings raise fundamental issues concerning
the emergence of withdrawal-induced cognitive deficits, and the
therapeutic intervention that must be taken to limit them. Indeed,
there is ample evidence that memory deficits are either aggravated or
progressively developed after alcohol withdrawal (31, 72). In its early
phase, withdrawal induces an acute stress state with high anxiety and
corticoid levels that will have direct deleterious effects on cognitive
performance, as for other forms of acute stress (26, 73). However, in
the present study, cognitive tasks were realized after a progressive
withdrawal procedure lasting 2 weeks so that, at the time of testing,
mice show moderate or no signs of anxiety as assessed across different
tasks (74).

We previously reported a persistent impairment of working
memory in withdrawn mice, which could be related to long-lasting
increases in corticosterone in the prefrontal cortex (31). Interestingly,
the neuronal loss in the dCA1 of CAC-treated rats is estimated to
18%, but the neuronal loss is further increased to 15% in 1-month
withdrawn rats relative to non-withdrawn animals (72). Withdrawal-
induced activation of HPA axis could reveal/aggravate glutamatergic
hyperactivity, GABA receptor deregulation and related neuronal loss
or loss of neurogenesis, thereby contributing to the alteration of
cognitive processes that were not apparent during CAC (3).
Accordingly, the administration of baclofen (an agonist of GABAB
the
reinstatement of alcohol-seeking behavior and HPA axis dysfunction

receptors) during withdrawal reversed stress-induced
in withdrawn animals (74). Together, these data support the view that
alcohol-induced memory deficits could be initially caused by chronic

alcohol consumption, but that underlying cellular and synaptic
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plasticity changes would be unraveled or precipitated during early
withdrawal. To identify the neural bases of these persistent deleterious
effects that could be targeted during withdrawal is a remaining,
critical challenge.

Intracerebral electrode insertion is associated with a cascade of
inflammatory responses, such as astrogliosis and recruitment of brain-
resident microglia to the insertion site which may affect not only the
electrodes’ ability to stimulate and record effectively, but also neuronal
activity (75, 76). Therefore, it is possible that the development of glial
encapsulation on the electrodes (77-79) have led to the deterioration/
loss of signal, as reported in the three mice excluded from this study.
However, this process did not seem specific of a particular group or
structure since this loss of signal affected mice from Ctrl and AW
groups, or dCA1 and DLS structures. Still, glial encapsulation on the
dCAL recording electrode could have contributed to the changes in
input/output curves observed in AW and CAC mice. Reactive gliosis
may also influence the excitability of individual local neurons, the
synaptic transmission of signals between them, and the broader
population activity detected and stimulated by electrodes implanted
in the brain (80, 81). Major glial-induced modifications of the
neuronal activity begin within the first hours, but peak around day
2-7 post-implantation (82-85). After a traumatic brain injury,
microglia rapidly decline to control levels approximately 21 days after
the lesion, while astrocytes exhibit a long-lasting proliferative
response, at least 28 days after (85). Similarly, a longitudinal study
combining analysis of abiotic and biotic metrics related to tungsten
electrode implantation in a large cohort of rats, showed that the first
period of 14-21 days is the most dynamic in the lifetime of a chronic
electrode implant (83). We started baseline recordings around
23-27 days after implantation of both stimulating and recording
tungsten electrodes. Therefore, it is likely that the recovery time used
in the present study allowed for sufficient restoration of astrogliosis.

Independently from electrodes implantation, alcohol itself is a
potent neurotoxic substance triggering neuroinflammatory responses
and oxidative stress. In particular, chronic alcohol consumption is
associated with excessive oxidative damage and reduced levels of
endogenous antioxidants, leading to excessive reactive oxygen species
(ROS) production (86, 87), which ultimately impacts neuronal cell
viability (88). Accumulating evidence from preclinical and clinical
studies supports the view that activation of microglia and astroglia
contributes to the chronic alcohol-induced oxidative stress and
associated neurodegeneration (89-91). Moreover, the glial response
to alcohol could depend on the brain region (92, 93). As a result, the
chronic alcohol consumption could elicit differential neuroimmune
responses, oxidative damage or synaptic remodeling within discrete
brain regions. The hippocampus seems to be one of the main targets
of alcohol toxicity in the brain (94-97). However, alcohol-elicited
reactive gliosis and oxidative damage are not well characterized in the
dorsolateral striatum, and mechanisms that drive regional selectivity
in glial activation are currently unknown. Nevertheless, differential
alcohol-induced cellular changes may be involved in the hippocampus-
to-striatum shift reported in the present study. Also, alterations in the
oxidative and neuroinflammation status have been linked to the early
withdrawal phase (98), during which they may be even more intense
than during previous ethanol exposure (99). This may account for the
higher deficits observed in AW mice compared to CAC mice.

In conclusion, a prime cognitive signature of chronic alcohol-
exposure/early alcohol withdrawal could be the switch in learning

Frontiers in Psychiatry

13

10.3389/fpsyt.2023.1129030

strategies as revealed by an increased use of cue-guided memory to
compensate for spatial memory deficits. Change in learning behavior
was associated with a reduced amygdala-hippocampal transmission
and, conversely, an enhancement of synaptic plasticity within the
amygdalo-striatal pathway. This mechanism underlies a persistent
neurocognitive imbalance which could account for the extreme
difficulty in extinguishing alcohol drinking / seeking behavior, and fits
well with dual process models of addiction. Any treatment, whether
pharmacologic or psychotherapeutic, contributing to restore
hippocampal function and balanced interactions between striatum-
and hippocampus-dependent learning circuits could promote the
recovery of behavioral flexibility, and therefore could be of great help
to AUD patients.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the Ethics
Committee of the University of Bordeaux (CEE50, approval #12283).

Author contributions

LT carried out all experiments and wrote the first draft of the
paper. R-MV contributed to in vivo electrophysiological experiments
and edited the paper. MC and NH contributed to the Barnes maze
experiments and edited the paper. DB provided advice for the CAC
and AW protocols and edited the paper. J-LG contributed to the
Barnes maze experiments and edited the paper. VD designed the
research, funded the research, contributed to the Barnes maze
experiments, and edited the paper. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by the Centre National de la Recherche
Scientifique CNRS UMR 5287, Bordeaux University and the Agence
Nationale de la Recherche (ANR) “Neuroscience” and “BLANC”
programs (VD). The laboratory of VD was part of the Bordeaux
Neurocampus and a member of the Laboratory of Excellence
“BRAIN;” as such this work was supported by French state funds
managed by the ANR within the Investissements d’Avenir program
under reference ANR-11IDEX-0004-02. LT received a one-year PhD
extension grant from the LabEx BRAIN.

Acknowledgments

The authors thank all the personnel of the Animal Facility of the
INCIA for their excellent care of experimental animals.

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1129030
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Tochon et al.

Conflict of interest

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

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Organization WH. Global status report on alcohol and health (2018). World Health
Organization. 2019.

2. Peacock A, Leung J, Larney S, Colledge S, Hickman M, Rehm J, et al. Global
statistics on alcohol, tobacco and illicit drug use: 2017 status report. Addiction. (2018)
113:1905-26. doi: 10.1111/add.14234

3. Staples MC, Mandyam CD. Thinking after drinking: impaired hippocampal-
dependent cognition in human alcoholics and animal models of alcohol dependence.
Front Psych. (2016) 7:162. doi: 10.3389/fpsyt.2016.00162

4. Charlton AJ, Perry CJ. The effect of chronic alcohol on cognitive decline: do
variations in methodology impact study outcome? An overview of research from the
past 5 years. Front Neurosci. (2022) 16:836827. doi: 10.3389/fnins.2022.836827

5. Squire LR. Memory and the hippocampus: a synthesis from findings with rats,
monkeys, and humans. Psychol Rev. (1992) 99:195-231. doi: 10.1037/0033-295X.99.2.195

6. White NM, McDonald R]. Multiple parallel memory Systems in the Brain of the
rat. Neurobiol Learn Mem. (2002) 77:125-84. doi: 10.1006/nlme.2001.4008

7. Girardeau G, Benchenane K, Wiener SI, Buzsiki G, Zugaro MB. Selective
suppression of hippocampal ripples impairs spatial memory. Nat Neurosci. (2009)
12:1222-3. doi: 10.1038/nn.2384

8. Moser MB, Rowland DC, Moser EI Place cells, grid cells, and memory. Cold Spring
Harb Perspect Biol. (2015) 7:a021808. doi: 10.1101/cshperspect.a021808

9. O’Keefe J, Dostrovsky J. The hippocampus as a spatial map. Preliminary evidence from
unit activity in the freely-moving rat. Brain Res. 34:171-5. doi: 10.1016/0006-8993(71)90358-1

10. Packard MG, Goodman J, Ressler RL. Emotional modulation of habit memory:
neural mechanisms and implications for psychopathology. Curr Opin Behav Sci. (2018)
20:25-32. doi: 10.1016/j.cobeha.2017.09.004

11. Devan BD, Hong NS, R] MD. Parallel associative processing in the dorsal striatum:
segregation of stimulus-response and cognitive control subregions. Neurobiol Learn
Mem. (2011) 96:95-120. doi: 10.1016/j.nlm.2011.06.002

12. Rice JP, Wallace DG, Hamilton DA. Lesions of the hippocampus or dorsolateral
striatum disrupt distinct aspects of spatial navigation strategies based on proximal and
distal information in a cued variant of the Morris water task. Behav Brain Res. (2015)
289:105-17. doi: 10.1016/j.bbr.2015.04.026

13. Poldrack RA, Clark J, Paré-Blagoev EJ, Shohamy D, Creso Moyano J, Myers C, et al.
Interactive memory systems in the human brain. Nature. (2001) 414:546-50. doi:
10.1038/35107080

14. McDonald R], Devan BD, Hong NS. Multiple memory systems: the power of
interactions. Neurobiol Learn Mem. (2004) 82:333-46. doi: 10.1016/j.nlm.2004.05.009

15. Packard MG, Goodman J. Factors that influence the relative use of multiple
memory systems: factors that influence the use of multiple memory systems.
Hippocampus. (2013) 23:1044-52. doi: 10.1002/hipo.22178

16. Gasser ], Pereira de Vasconcelos A, Cosquer B, Boutillier AL, Cassel JC. Shifting
between response and place strategies in maze navigation: effects of training, cue
availability and functional inactivation of striatum or hippocampus in rats. Neurobiol
Learn Mem. (2020) 167:107131. doi: 10.1016/j.nlm.2019.107131

17. Kosaki Y, Poulter SL, Austen JM, McGregor A. Dorsolateral striatal lesions impair
navigation based on landmark-goal vectors but facilitate spatial learning based on a
“cognitive map”. Learn Mem. (2015) 22:179-91. doi: 10.1101/lm.037077.114

18. Baudonnat M, Guillou JL, Husson M, Vandesquille M, Corio M, Decorte L, et al.
Disrupting effect of drug-induced reward on spatial but not Cue-guided learning:
implication of the striatal protein kinase a/cAMP response element-binding protein
pathway. J Neurosci. (2011) 31:16517-28. doi: 10.1523/JNEUROSCI.1787-11.2011

19. Bohbot VD, Balso D, Conrad K, Konishi K, Leyton M. Caudate nucleus-dependent
navigational strategies are associated with increased use of addictive drugs.
Hippocampus. (2013) 23:973-84. doi: 10.1002/hipo.22187

Frontiers in Psychiatry

14

10.3389/fpsyt.2023.1129030

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1129030/
full#supplementary-material

20. Goodman J, Packard MG. Memory systems and the addicted brain. Front Psych.
(2016) 7:24. doi: 10.3389/fpsyt.2016.00024

21. Baudonnat M, Guillou JL, Husson M, Bohbot VD, Schwabe L, David V. Morphine
reward promotes Cue-sensitive learning: implication of dorsal striatal CREB activity.
Front Psych. (2017) 8:87. doi: 10.3389/fpsyt.2017.00087

22. Geerts JP, Chersi F, Stachenfeld KL, Burgess N. A general model of hippocampal
and dorsal striatal learning and decision making. Proc Natl Acad Sci U S A. (2020)
117:31427-37. Disponible sur:. doi: 10.1073/pnas.2007981117

23.Kim JJ, Lee HJ, Han JS, Packard MG. Amygdala is critical for stress-induced
modulation of hippocampal long-term potentiation and learning. J Neurosci. (2001)
21:5222-8. doi: 10.1523/JNEUROSCI.21-14-05222.2001

24. Schwabe L, Dalm S, Schichinger H, Oitzl MS. Chronic stress modulates the use of
spatial and stimulus-response learning strategies in mice and man. Neurobiol Learn
Mem. (2008) 90:495-503. doi: 10.1016/j.nlm.2008.07.015

25. Goodman J, Leong KC, Packard MG. Emotional modulation of multiple memory
systems: implications for the neurobiology of post-traumatic stress disorder. Rev
Neurosci. (2012) 23:627-43. doi: 10.1515/revneuro-2012-0049

26. Schwabe L, Wolf OT. Stress and multiple memory systems: from ‘thinking’ to
‘doing’. Trends Cogn Sci. (2013) 17:60-8. doi: 10.1016/j.tics.2012.12.001

27. Packard MG, Wingard JC. Amygdala and “emotional” modulation of the relative
use of multiple memory systems. Neurobiol Learn Mem. (2004) 82:243-52. doi:
10.1016/j.nlm.2004.06.008

28. LaLumiere RT, McGaugh JL, McIntyre CK. Emotional modulation of learning and
memory: pharmacological implications. Pharmacol Rev. (2017) 69:236-55. doi: 10.1124/
pr.116.013474

29. Wingard JC, Packard MG. The amygdala and emotional modulation of
competition between cognitive and habit memory. Behav Brain Res. (2008) 193:126-31.
doi: 10.1016/j.bbr.2008.05.002

30. Stragier E, Martin V, Davenas E, Poilbout C, Mongeau R, Corradetti R, et al. Brain
plasticity and cognitive functions after ethanol consumption in C57BL/6] mice. Transl
Psychiatry. (2015) 5:¢696-6. doi: 10.1038/tp.2015.183

31. Dominguez G, Belzung C, Pierard C, David V, Henkous N, Decorte L, et al.
Alcohol withdrawal induces long-lasting spatial working memory impairments:
relationship with changes in corticosterone response in the prefrontal cortex: memory
and alcohol withdrawal. Addict Biol. (2017) 22:898-910. doi: 10.1111/adb.12371

32. Etchamendy N, Konishi K, Pike GB, Marighetto A, Bohbot VD. Evidence for a
virtual human analog of a rodent relational memory task: a study of aging and fMRI in
young adults. Hippocampus. (2012) 22:869-80. doi: 10.1002/hipo.20948

33. Eichenbaum H, Cohen NJ. Can we reconcile the declarative memory and spatial
navigation views on hippocampal function? Neuron. (2014) 83:764-70. doi: 10.1016/j.
neuron.2014.07.032

34. Morellini F. Spatial memory tasks in rodents: what do they model? Cell Tissue Res.
(2013) 354:273-86. doi: 10.1007/s00441-013-1668-9

35. Chan E, Baumann O, Bellgrove MA, Mattingley JB. From objects to landmarks:
the function of visual location information in spatial navigation. Front Psychol. (2012)
3:304. doi: 10.3389/fpsyg.2012.00304

36. Wiener JM, de Condappa O, Harris MA, Wolbers T. Maladaptive Bias for
Extrahippocampal navigation strategies in aging humans. J Neurosci. (2013) 33:6012-7.
doi: 10.1523/J]NEUROSCI.0717-12.2013

37.Cabanas M, Piquemal M, Pistono C, Arnaud S, Rakesh D, Poinama E, et al.
Correlations between mutant huntingtin aggregates and behavioral changes in R6/1
mice. JHD. (2020) 9:33-45. doi: 10.3233/JHD-190352

38. Martel G, Blanchard J, Mons N, Gastambide F, Micheau J, Guillou JL. Dynamic
interplays between memory systems depend on practice: the hippocampus is not always

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1129030
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1129030/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1129030/full#supplementary-material
https://doi.org/10.1111/add.14234
https://doi.org/10.3389/fpsyt.2016.00162
https://doi.org/10.3389/fnins.2022.836827
https://doi.org/10.1037/0033-295X.99.2.195
https://doi.org/10.1006/nlme.2001.4008
https://doi.org/10.1038/nn.2384
https://doi.org/10.1101/cshperspect.a021808
https://doi.org/10.1016/0006-8993(71)90358-1
https://doi.org/10.1016/j.cobeha.2017.09.004
https://doi.org/10.1016/j.nlm.2011.06.002
https://doi.org/10.1016/j.bbr.2015.04.026
https://doi.org/10.1038/35107080
https://doi.org/10.1016/j.nlm.2004.05.009
https://doi.org/10.1002/hipo.22178
https://doi.org/10.1016/j.nlm.2019.107131
https://doi.org/10.1101/lm.037077.114
https://doi.org/10.1523/JNEUROSCI.1787-11.2011
https://doi.org/10.1002/hipo.22187
https://doi.org/10.3389/fpsyt.2016.00024
https://doi.org/10.3389/fpsyt.2017.00087
https://doi.org/10.1073/pnas.2007981117
https://doi.org/10.1523/JNEUROSCI.21-14-05222.2001
https://doi.org/10.1016/j.nlm.2008.07.015
https://doi.org/10.1515/revneuro-2012-0049
https://doi.org/10.1016/j.tics.2012.12.001
https://doi.org/10.1016/j.nlm.2004.06.008
https://doi.org/10.1124/pr.116.013474
https://doi.org/10.1124/pr.116.013474
https://doi.org/10.1016/j.bbr.2008.05.002
https://doi.org/10.1038/tp.2015.183
https://doi.org/10.1111/adb.12371
https://doi.org/10.1002/hipo.20948
https://doi.org/10.1016/j.neuron.2014.07.032
https://doi.org/10.1016/j.neuron.2014.07.032
https://doi.org/10.1007/s00441-013-1668-9
https://doi.org/10.3389/fpsyg.2012.00304
https://doi.org/10.1523/JNEUROSCI.0717-12.2013
https://doi.org/10.3233/JHD-190352

Tochon et al.

the first to provide solution. Neuroscience. (2007) 150:743-53. doi: 10.1016/j.
neuroscience.2007.10.004

39. Barnes PM. Maze procedure for spatial learning and memory in mice. BIO-Protoc.
(2018) 8:e2744. doi: 10.21769/BioProtoc.2744

40. Rosenfeld CS, Ferguson SA. Barnes maze testing strategies with small and large
rodent models. ] Vis Exp. (2014) 84:51194. doi: 10.3791/51194-v

41. Goodman J. Place vs. response learning: history, controversy, and neurobiology.
Front Behav Neurosci. (2021) 14:598570. doi: 10.3389/fnbeh.2020.598570

42. Gawel K, Gibula E, Marszalek-Grabska M, Filarowska ], Kotlinska JH. Assessment
of spatial learning and memory in the Barnes maze task in rodents—methodological
consideration. Naunyn Schmiedeberg's Arch Pharmacol. (2019) 392:1-18. doi: 10.1007/
500210-018-1589-y

43. Paul CM, Magda G, Abel S. Spatial memory: theoretical basis and comparative
review on experimental methods in rodents. Behav Brain Res. (2009) 203:151-64. doi:
10.1016/j.bbr.2009.05.022

44. Yoneyama N, Crabbe JC, Ford MM, Murillo A, Finn DA. Voluntary ethanol
consumption in 22 inbred mouse strains. Alcohol. (2008) 42:149-60. doi: 10.1016/j.
alcohol.2007.12.006

45. Crabbe JC, Phillips TJ, Belknap JK. The complexity of alcohol drinking: studies in
rodent genetic models. Behav Genet. (2010) 40:737-50. doi: 10.1007/s10519-010-9371-z

46. Nguyen PV, Abel T, Kandel ER, Bourtchouladze R. Strain-dependent differences
in LTP and Hippocampus-dependent memory in inbred mice. Learn Mem. (2000)
7:170-9. doi: 10.1101/lm.7.3.170

47.Koopmans G, Blokland A, Vannieuwenhuijzen P, Prickaerts J. Assessment of
spatial learning abilities of mice in a new circular maze. Physiol Behav. (2003) 79:683-93.
doi: 10.1016/S0031-9384(03)00171-9

48. Marcotte M, Bernardo A, Linga N, Pérez-Romero CA, Guillou JL, Sibille E, et al.
Handling techniques to reduce stress in mice. J Vis Exp. (2021) 175:62593. doi:
10.3791/62593

49. Gibula-Tarlowska E, Wydra K, Kotlinska JH. Deleterious effects of ethanol, A(9)-
tetrahydrocannabinol (THC), and their combination on the spatial memory and
cognitive flexibility in adolescent and adult male rats in the Barnes maze task.
Pharmaceutics. (2020) 12:654. doi: 10.3390/pharmaceutics12070654

50. Marszalek-Grabska M, Gibula-Bruzda E, Bodzon-Kulakowska A, Suder P, Gawel
K, Talarek S, et al. ADX-47273, a mGlu5 receptor positive allosteric modulator,
attenuates deficits in cognitive flexibility induced by withdrawal from ‘binge-like’
ethanol exposure in rats. Behav Brain Res. (2018) 338:9-16. doi: 10.1016/j.
bbr.2017.10.007

51. Fernandez GM, Lew BJ, Vedder LC, Savage LM. Chronic intermittent ethanol
exposure leads to alterations in brain-derived neurotrophic factor within the frontal
cortex and impaired behavioral flexibility in both adolescent and adult rats. Neuroscience.
(2017) 348:324-34. doi: 10.1016/j.neuroscience.2017.02.045

52. Varodayan FP, Sidhu H, Kreifeldt M, Roberto M, Contet C. Morphological and
functional evidence of increased excitatory signaling in the prelimbic cortex during
ethanol withdrawal. Neuropharmacology. (2018) 133:470-80. doi: 10.1016/j.
neuropharm.2018.02.014

53.Pandey SN, Kwatra M, Dwivedi DK, Choubey P, Lahkar M, Jangra A.
7,8-Dihydroxyflavone alleviated the high-fat diet and alcohol-induced memory
impairment: behavioral, biochemical and molecular evidence. Psychopharmacology.
(2020) 237:1827-40. doi: 10.1007/s00213-020-05502-2

54. Dwivedi DK, Kumar D, Kwatra M, Pandey SN, Choubey P, Lahkar M, et al.
Voluntary alcohol consumption exacerbated high fat diet-induced cognitive deficits by
NF-kB-calpain dependent apoptotic cell death in rat hippocampus: ameliorative effect
of melatonin. Biomed Pharmacother. (2018) 108:1393-403. doi: 10.1016/j.
biopha.2018.09.173

55.Liu Y, Zhang Y, Peng J, Wang H, Li X, Li X, et al. Autophagy alleviates ethanol-
induced memory impairment in association with anti-apoptotic and anti-inflammatory
pathways. Brain Behav Immun. (2019) 82:63-75. doi: 10.1016/j.bbi.2019.07.033

56. Béracochéa DJ, Jaffard R. Impairment of spontaneous alternation behavior in
sequential test procedures following mammillary body lesions in mice: evidence for
time-dependent interference-related memory deficits. Behav Neurosci. (1987)
101:187-97. doi: 10.1037/0735-7044.101.2.187

57.Packard MG, JL MG. Inactivation of Hippocampus or caudate nucleus with
lidocaine differentially affects expression of place and response learning. Neurobiol Learn
Mem. (1996) 65:65-72. doi: 10.1006/nlme.1996.0007

58. Rueda-Orozco PE, Soria-Gomez E, Montes-Rodriguez CJ, Martinez-Vargas M,
Galicia O, Navarro L, et al. A potential function of endocannabinoids in the selection of
a navigation strategy by rats. Psychopharmacology. (2008) 198:565-76. doi: 10.1007/
500213-007-0911-z

59. Harrison FE, Reiserer RS, Tomarken AJ, McDonald MP. Spatial and nonspatial
escape strategies in the Barnes maze. Learn Mem. (2006) 13:809-19. doi: 10.1101/
Im.334306

60. Wright RL, Conrad CD. Short CommunicationChronic stress leaves novelty-
seeking behavior intact while impairing spatial recognition memory in the Y-maze.
Stress. (2005) 8:151-4. doi: 10.1080/10253890500156663

Frontiers in Psychiatry

15

10.3389/fpsyt.2023.1129030

61.Chersi F, Burgess N. The cognitive architecture of spatial navigation:
hippocampal and striatal contributions. Neuron. (2015) 88:64-77. doi: 10.1016/j.
neuron.2015.09.021

62.Iaria G, Petrides M, Dagher A, Pike B, Bohbot VD. Cognitive strategies
dependent on the Hippocampus and caudate nucleus in human navigation: variability
and change with practice. ] Neurosci. (2003) 23:5945-52. doi: 10.1523/JNEUROSCI.
23-13-05945.2003

63. Belin-Rauscent A, Everitt B], Belin D. Intrastriatal shifts mediate the transition
from drug-seeking actions to habits. Biol Psychiatry. (2012) 72:343-5. doi: 10.1016/j.
biopsych.2012.07.001

64. Corbit LH, Janak PH. Habitual alcohol seeking: neural bases and possible
relations to alcohol use disorders. Alcohol Clin Exp Res. (2016) 40:1380-9. doi:
10.1111/acer.13094

65. Barker JM, Taylor JR. Habitual alcohol seeking: modeling the transition from
casual drinking to addiction. Neurosci Biobehav Rev. (2014) 47:281-94. doi: 10.1016/j.
neubiorev.2014.08.012

66. Wiers RW, Bartholow BD, van den Wildenberg E, Thush C, Engels RCME, Sher
KJ, et al. Automatic and controlled processes and the development of addictive behaviors
in adolescents: a review and a model. Pharmacol Biochem Behav. (2007) 86:263-83. doi:
10.1016/j.pbb.2006.09.021

67. Tiffany ST, Conklin CA. A cognitive processing model of alcohol craving and
compulsive alcohol use. Addiction. (2000) 95:145-53. doi: 10.1080/096521400
50111717

68. Colombo PJ, Brightwell JJ, Countryman RA. Cognitive strategy-specific increases
in phosphorylated cAMP response element-binding protein and c-Fos in the
Hippocampus and dorsal striatum. J Neurosci. (2003) 23:3547-54. doi: 10.1523/
JNEUROSCI.23-08-03547.2003

69. Lee AS, Duman RS, Pittenger C. A double dissociation revealing bidirectional
competition between striatum and hippocampus during learning. Proc Natl Acad Sci.
(2008) 105:17163-8. doi: 10.1073/pnas.0807749105

70. Nelson TE, Ur CL, Gruol DL. Chronic intermittent ethanol exposure alters CA1
synaptic transmission in rat hippocampal slices. Neuroscience. (1999) 94:431-42. doi:
10.1016/S0306-4522(99)00336-X

71. Taylor SB, Anglin JM, Paode PR, Riggert AG, Olive MF, Conrad CD. Chronic
stress may facilitate the recruitment of habit- and addiction-related neurocircuitries
through neuronal restructuring of the striatum. Neuroscience. (2014) 280:231-42. doi:
10.1016/j.neuroscience.2014.09.029

72. Lukoyanov NV, Madeira MD, Paula-Barbosa MM. Behavioral and neuroanatomical
consequences of chronic ethanol intake and withdrawal. Physiol Behav. (1999)
66:337-46. doi: 10.1016/S0031-9384(98)00301-1

73. Béracochéa D, Mons N, David V. Targeting the glucocorticoid receptors during
alcohol withdrawal to reduce protracted neurocognitive disorders. Front Psych. (2019)
10:580. doi: 10.3389/fpsyt.2019.00580

74. Rabat Y, Henkous N, Corio M, Nogues X, Beracochea D. Baclofen but not
diazepam alleviates alcohol-seeking behavior and hypothalamic-pituitary-adrenal Axis
dysfunction in stressed withdrawn mice. Front Psych. (2019) 10:238. doi: 10.3389/
fpsyt.2019.00238

75. Bouadi O, Tay TL. More than cell markers: understanding heterogeneous glial
responses to implantable neural devices. Front Cell Neurosci. (2021) 15:658992. doi:
10.3389/fncel.2021.658992

76. Salatino JW, Ludwig KA, Kozai TDY, Purcell EK. Glial responses to implanted
electrodes in the brain. Nat Biomed Eng. (2017) 1:862-77. doi: 10.1038/s41551-017-
0154-1

77. McCreery D, Cogan S, Kane S, Pikov V. Correlations between histology and
neuronal activity recorded by microelectrodes implanted chronically in the cerebral
cortex. ] Neural Eng. (2016) 13:036012. doi: 10.1088/1741-2560/13/3/036012

78. Roitbak T, Sykova E. Diffusion barriers evoked in the rat cortex by reactive
astrogliosis. Glia. (1999) 28:40-8. doi: 10.1002/(SICI)1098-1136(199910)28:1<40::AID-
GLIA5>3.0.CO;2-6

79. Turner AMP, Dowell N, Turner SWP, Kam L, Isaacson M, Turner JN, et al.
Attachment of astroglial cells to microfabricated pillar arrays of different geometries. J
Biomed Mater Res. (2000) 51:430-41. doi: 10.1002/1097-4636(20000905)51:3<430::AID-
JBM18>3.0.CO;2-C

80. Biran R, Martin DC, Tresco PA. Neuronal cell loss accompanies the brain tissue
response to chronically implanted silicon microelectrode arrays. Exp Neurol. (2005)
195:115-26. doi: 10.1016/j.expneurol.2005.04.020

81. Pannasch U, Rouach N. Emerging role for astroglial networks in information
processing: from synapse to behavior. Trends Neurosci. (2013) 36:405-17. doi: 10.1016/j.
tins.2013.04.004

82. Kozai TDY, Jaquins-Gerstl AS, Vazquez AL, Michael AC, Cui XT. Brain tissue
responses to neural implants impact signal sensitivity and intervention strategies. ACS
Chem Neurosci. (2015) 6:48-67. doi: 10.1021/cn500256¢

83. Prasad A, Xue QS, Sankar V, Nishida T, Shaw G, Streit WJ, et al. Comprehensive
characterization and failure modes of tungsten microwire arrays in chronic neural
implants. ] Neural Eng. (2012) 9:056015. doi: 10.1088/1741-2560/9/5/056015

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1129030
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1016/j.neuroscience.2007.10.004
https://doi.org/10.1016/j.neuroscience.2007.10.004
https://doi.org/10.21769/BioProtoc.2744
https://doi.org/10.3791/51194-v
https://doi.org/10.3389/fnbeh.2020.598570
https://doi.org/10.1007/s00210-018-1589-y
https://doi.org/10.1007/s00210-018-1589-y
https://doi.org/10.1016/j.bbr.2009.05.022
https://doi.org/10.1016/j.alcohol.2007.12.006
https://doi.org/10.1016/j.alcohol.2007.12.006
https://doi.org/10.1007/s10519-010-9371-z
https://doi.org/10.1101/lm.7.3.170
https://doi.org/10.1016/S0031-9384(03)00171-9
https://doi.org/10.3791/62593
https://doi.org/10.3390/pharmaceutics12070654
https://doi.org/10.1016/j.bbr.2017.10.007
https://doi.org/10.1016/j.bbr.2017.10.007
https://doi.org/10.1016/j.neuroscience.2017.02.045
https://doi.org/10.1016/j.neuropharm.2018.02.014
https://doi.org/10.1016/j.neuropharm.2018.02.014
https://doi.org/10.1007/s00213-020-05502-2
https://doi.org/10.1016/j.biopha.2018.09.173
https://doi.org/10.1016/j.biopha.2018.09.173
https://doi.org/10.1016/j.bbi.2019.07.033
https://doi.org/10.1037/0735-7044.101.2.187
https://doi.org/10.1006/nlme.1996.0007
https://doi.org/10.1007/s00213-007-0911-z
https://doi.org/10.1007/s00213-007-0911-z
https://doi.org/10.1101/lm.334306
https://doi.org/10.1101/lm.334306
https://doi.org/10.1080/10253890500156663
https://doi.org/10.1016/j.neuron.2015.09.021
https://doi.org/10.1016/j.neuron.2015.09.021
https://doi.org/10.1523/JNEUROSCI.23-13-05945.2003
https://doi.org/10.1523/JNEUROSCI.23-13-05945.2003
https://doi.org/10.1016/j.biopsych.2012.07.001
https://doi.org/10.1016/j.biopsych.2012.07.001
https://doi.org/10.1111/acer.13094
https://doi.org/10.1016/j.neubiorev.2014.08.012
https://doi.org/10.1016/j.neubiorev.2014.08.012
https://doi.org/10.1016/j.pbb.2006.09.021
https://doi.org/10.1080/09652140050111717
https://doi.org/10.1080/09652140050111717
https://doi.org/10.1523/JNEUROSCI.23-08-03547.2003
https://doi.org/10.1523/JNEUROSCI.23-08-03547.2003
https://doi.org/10.1073/pnas.0807749105
https://doi.org/10.1016/S0306-4522(99)00336-X
https://doi.org/10.1016/j.neuroscience.2014.09.029
https://doi.org/10.1016/S0031-9384(98)00301-1
https://doi.org/10.3389/fpsyt.2019.00580
https://doi.org/10.3389/fpsyt.2019.00238
https://doi.org/10.3389/fpsyt.2019.00238
https://doi.org/10.3389/fncel.2021.658992
https://doi.org/10.1038/s41551-017-0154-1
https://doi.org/10.1038/s41551-017-0154-1
https://doi.org/10.1088/1741-2560/13/3/036012
https://doi.org/10.1002/(SICI)1098-1136(199910)28:1<40::AID-GLIA5>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1098-1136(199910)28:1<40::AID-GLIA5>3.0.CO;2-6
https://doi.org/10.1002/1097-4636(20000905)51:3<430::AID-JBM18>3.0.CO;2-C
https://doi.org/10.1002/1097-4636(20000905)51:3<430::AID-JBM18>3.0.CO;2-C
https://doi.org/10.1016/j.expneurol.2005.04.020
https://doi.org/10.1016/j.tins.2013.04.004
https://doi.org/10.1016/j.tins.2013.04.004
https://doi.org/10.1021/cn500256e
https://doi.org/10.1088/1741-2560/9/5/056015

Tochon et al.

84.Savya SP, Li F Lam S, Wellman SM, Stieger KC, Chen K, et al. In vivo
spatiotemporal dynamics of astrocyte reactivity following neural electrode implantation.
Biomaterials. (2022) 289:121784. doi: 10.1016/j.biomaterials.2022.121784

85.Zhou Y, Shao A, Yao Y, Tu S, Deng Y, Zhang J. Dual roles of astrocytes in plasticity
and reconstruction after traumatic brain injury. Cell Commun Signal. (2020) 18:62. doi:
10.1186/512964-020-00549-2

86. Fernandez-Rodriguez S, Cano-Cebridn MJ, Rius-Pérez S, Pérez S, Guerri C,
Granero L, et al. Different brain oxidative and neuroinflammation status in rats during
prolonged abstinence depending on their ethanol relapse-like drinking behavior: effects
of ethanol reintroduction. Drug Alcohol Depend. (2022) 232:109284. doi: 10.1016/j.
drugalcdep.2022.109284

87.Das SK, Vasudevan DM. Alcohol-induced oxidative stress. Life Sci. (2007)
81:177-87. doi: 10.1016/j.1f5.2007.05.005

88. Haorah J, Ramirez SH, Floreani N, Gorantla S, Morsey B, Persidsky Y. Mechanism
of alcohol-induced oxidative stress and neuronal injury. Free Radic Biol Med. (2008)
45:1542-50. doi: 10.1016/j.freeradbiomed.2008.08.030

89.Qin L, Crews FT. NADPH oxidase and reactive oxygen species contribute to
alcohol-induced microglial activation and neurodegeneration. J Neuroinflammation.
(2012) 9:5. doi: 10.1186/1742-2094-9-5

90. Tsermpini EE, Plemenitas Iljes A, Dolzan V. Alcohol-induced oxidative stress and
the role of antioxidants in alcohol use disorder: a systematic review. Antioxidants. (2022)
11:1374. doi: 10.3390/antiox11071374

91. Chastain LG, Sarkar DK. Role of microglia in regulation of ethanol neurotoxic
action. Neuroimmune Signal Drug Actions Addict. (2014) 118:81-103. doi: 10.1016/
B978-0-12-801284-0.00004-X

Frontiers in Psychiatry

16

10.3389/fpsyt.2023.1129030

92. Lacagnina M]J, Rivera PD, Bilbo SD. Glial and Neuroimmune mechanisms as
critical modulators of drug use and abuse. Neuropsychopharmacology. (2017) 42:156-77.
doi: 10.1038/npp.2016.121

93. Linker KE, Cross SJ, Leslie FM. Glial mechanisms underlying substance use
disorders. Eur ] Neurosci. (2019) 50:2574-89. doi: 10.1111/ejn.14163

94.Jung ME, Metzger DB. A sex difference in oxidative stress and behavioral
suppression induced by ethanol withdrawal in rats. Behav Brain Res. (2016) 314:199-214.
doi: 10.1016/j.bbr.2016.07.054

95. Pant R, Jangra A, Kwatra M, Singh T, Kushwah P, Bezbaruah BK, et al. Cognitive
deficits induced by combined exposure of stress and alcohol mediated through oxidative
stress-PARP pathway in the hippocampus. Neurosci Lett. (2017) 653:208-14. doi:
10.1016/j.neulet.2017.05.058

96. Tajuddin N, Moon KH, Marshall SA, Nixon K, Neafsey EJ, Kim HY, et al.
Neuroinflammation and neurodegeneration in adult rat brain from binge ethanol
exposure: abrogation by docosahexaenoic acid. PLoS ONE. (2014) 9:e101223. doi:
10.1371/journal.pone.0101223

97. Collins MA, Moon KH, Tajuddin N, Neafsey EJ, Kim HY. Docosahexaenoic acid
(DHA) prevents binge ethanol-dependent Aquaporin-4 elevations while inhibiting
neurodegeneration: experiments in rat adult-age Entorhino-hippocampal slice cultures.
Neurotox Res. (2013) 23:105-10. doi: 10.1007/s12640-012-9360-5

98. Huang MC, Chen CH, Peng FC, Tang SH, Chen CC. Alterations in oxidative stress
status during early alcohol withdrawal in alcoholic patients. ] Formos Med Assoc. (2009)
108:560-9. doi: 10.1016/50929-6646(09)60374-0

99.Jung ME, Yan LJ, Forster M]J, Simpkins JW. Ethanol withdrawal provokes
mitochondrial injury in an estrogen preventable manner. ] Bioenerg Biomembr. (2008)
40:35-44. doi: 10.1007/s10863-008-9129-y

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1129030
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1016/j.biomaterials.2022.121784
https://doi.org/10.1186/s12964-020-00549-2
https://doi.org/10.1016/j.drugalcdep.2022.109284
https://doi.org/10.1016/j.drugalcdep.2022.109284
https://doi.org/10.1016/j.lfs.2007.05.005
https://doi.org/10.1016/j.freeradbiomed.2008.08.030
https://doi.org/10.1186/1742-2094-9-5
https://doi.org/10.3390/antiox11071374
https://doi.org/10.1016/B978-0-12-801284-0.00004-X
https://doi.org/10.1016/B978-0-12-801284-0.00004-X
https://doi.org/10.1038/npp.2016.121
https://doi.org/10.1111/ejn.14163
https://doi.org/10.1016/j.bbr.2016.07.054
https://doi.org/10.1016/j.neulet.2017.05.058
https://doi.org/10.1371/journal.pone.0101223
https://doi.org/10.1007/s12640-012-9360-5
https://doi.org/10.1016/S0929-6646(09)60374-0
https://doi.org/10.1007/s10863-008-9129-y

	Chronic alcohol consumption shifts learning strategies and synaptic plasticity from hippocampus to striatum-dependent pathways
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Experimental design
	2.3. Chronic alcohol consumption and alcohol withdrawal procedures
	2.4. Stereotaxic surgery
	2.5. Assessing spatial vs. non-spatial learning strategies in the Barnes maze
	2.5.1. Apparatus
	2.5.2. Habituation (trial 0, day 4)
	2.5.3. Acquisition (trials 1–6, day 5), competition (trial 7, day 5), and retention (trials 8–10, day 6)
	2.6. In vivo electrophysiology in freely moving mice
	2.6.1. Induction and recording of evoked field potentials (days 0–6)
	2.6.2. High-frequency stimulation protocol (day 7)
	2.7. Statistical analysis

	3. Results
	3.1. Effects of CAC and AW on spatial vs. non spatial learning strategies
	3.2. Effects of CAC and AW on BLA → dCA1 and BLA → DLS neurotransmission
	3.3. Effects of CAC and AW on learning-induced BLA → dCA1 and BLA → DLS transmission
	3.3.1. BLA → dCA1 pathway
	3.3.2. BLA → DLS pathway
	3.3.3. Learning-induced metaplasticity: effects of high-frequency stimulation

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

