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Neurobiology of Disease

Dopamine Restores Limbic Memory Loss, Dendritic Spine

Structure, and NMDAR-Dependent LTD in the Nucleus
Accumbens of Alcohol-Withdrawn Rats
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Alcohol abuse leads to aberrant forms of emotionally salient memory, i.e., limbic memory, that promote escalated alcohol consumption and
relapse. Accordingly, activity-dependent structural abnormalities are likely to contribute to synaptic dysfunctions that occur from suddenly
ceasing chronic alcohol consumption. Here we show that alcohol-dependent male rats fail to perform an emotional-learning task during absti-
nence but recover their functioning by 1-3,4-dihydroxyphenylalanin (1-DOPA) administration during early withdrawal. 1-DOPA also reverses
the selective loss of dendritic “long thin” spines observed in medium spiny neurons of the nucleus accumbens (NAc) shell of alcohol-dependent
rats during abstinence, as well as the reduction in tyrosine hydroxylase immunostaining and postsynaptic density-95-positive elements. Patch-
clamp experiments in NAc slices reveal that both in vivo systemic 1-DOPA administration and in vitro exposure to dopamine can restore the loss
of long-term depression (LTD) formation, counteract the reduction in NMDAR-mediated synaptic currents and rectify the altered NMDAR/
AMPAR ratio observed in alcohol-withdrawn rats. Further, in vivo microdialysis experiments show that blunted dopaminergic signaling is
revived after .-DOPA treatment during early withdrawal. These results suggest a key role of an efficient dopamine signaling for maintaining, and
restore, neural trophism, NMDA-dependent LTD, and ultimately optimal learning.
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Blunted dopamine signaling and altered glutamate connectivity in the nucleus accumbens represent the neuroanatomical basis
for the impairment in aversive limbic memory observed during withdrawal in alcohol dependence. Supplying 1-DOPA during
withdrawal re-establishes synaptic morphology and functional neuroadaptations, suggesting a complete recovery of nucleus
accumbens glutamatergic synaptic plasticity when dopamine is revived. Importantly, restoring dopamine transmission allows
those synapses to encode emotionally relevant information and rescue flexibility in the neuronal circuits that process limbic
memory formation. Under these conditions, drugs capable of selectively boosting the dopaminergic function during the “fluid”
and still responsive state of the early withdrawn maladaptive synapses may help in the treatment of alcohol addiction. j
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creases the motivation for relapse and, in turn, favors the main-
tenance of addiction (Koob and LeMoal, 2001; Heilig et al.,

Introduction
Alcohol withdrawal is associated with a series of negative affective
symptoms whose occurrence, as negative reinforcement, in-
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2010). A substantial body of work indicates that aberrant dopa-
minergic (DAergic) and glutamatergic-based plasticity in the me-
socorticolimbic reward system plays a critical role in alcohol
addiction and relapse (Koob and Volkow, 2010).

As a key component of the reward circuitry, the nucleus ac-
cumbens (NAc) is critical in the development of addiction. It
receives DAergic signaling from the ventral tegmental area
(VTA), as well as robust glutamatergic innervations from pre-
frontal cortex, hippocampus, amygdala, and the thalamus, con-
verging on a common postsynaptic target, the striatal medium
spiny neuron (MSN). Here, dendritic spines show a peculiar syn-
aptic arrangement, called the “striatal microcircuit” or “synaptic
triad” (Freund et al., 1984; Carr and Sesack, 1996). Alcohol de-
pendence may affect the plasticity in the NAc synaptic triad ar-
chitecture (Hyman et al., 2006; Kauer and Malenka, 2007; Gass
and Olive, 2008; Kalivas and Volkow, 2011) including changes in
density and head size of dendritic spines (Zhou et al., 2007; Uys et
al., 2016). Accordingly, previous research had found signs of ab-
errant plasticity on MSNs of alcohol-withdrawn rats, evidenced
by the simultaneous visualization of reduced DAergic projections
[tyrosine hydroxylase (TH)], postsynaptic density scaffold (PSD-
95), and the selective remodeling of dendritic spine architecture
(Spiga et al., 2014). Such changes are in agreement with a reduc-
tion in VTA DAergic firing rate in withdrawn rats (Diana et al.,
1993; Rothblat et al., 2001) and strengthen the view of a link
between synaptic indices of remodeling and the dampening in
dopamine (DA) signaling (Diana et al., 1993; Weiss et al., 1996).
Further, recent works (Lendvai et al., 2000; Kasai et al., 2010;
Bosch et al,, 2014; Berry and Nedivi, 2017) suggest a potential
relationship between spine shape’s rearrangement and synaptic
dynamic response, as forms of experience-dependent plasticity
(Trachtenberg et al., 2002) underpinning cellular learning
(Bourne and Harris, 2007). Hence, the molecular, neuronal, and
structural changes occurring during the development of addic-
tion share similarities with those of physiological learning (Kiefer
and Dinter, 2013). Moreover, the brain reward regions (VTA and
NAc) potently influence behavioral memory through a direct
involvement of DA neurons (Nestler, 2013). Indeed, DA neurons
undergo experience-dependent synaptic plasticity during aver-
sive experiences presumably by adding specific emotional weight
and play a main role in the early stabilization of the memory trace
of fear-related learning (Pignatelli et al., 2017). Accordingly, re-
covery of DA signaling in the striatum of DA-deficient mice was
necessary to enable them to learn two-way active avoidance, by
restoring synaptic strength (Darvas et al., 2011). Notably persis-
tent impairment in synaptic strength, such as occluded long-term
depression (LTD), could explain the loss of control on alcohol
intake and relapse observed in addicted rodents (Ma et al., 2018).
Putting the puzzle together, alcohol dependence, by dampening
DAergic transmission, hijacks synaptic plasticity rules in the stri-
atal network, and this can result in aberrant forms of emotionally
salient memory, i.e., limbic memory, that may promote alcohol
dependence. It follows that if we could rectify the alterations in
the neuronal network connectivity associated to alcohol with-
drawal, we would restore adaptive forms of functional and be-
havioral plasticity. This compelling theory was challenged by the
present investigation, which focuses on the impact of a restored
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DA signaling upon the morphological, functional, and behav-
ioral correlates of alcohol withdrawal. In particular, by using an
integrated strategy of investigation we assessed: aversive limbic
memory as a distinctive form of emotional memory, spine den-
sity and morphology in NAc MSNs, immunoreactivity for both
TH and PSD-95, long-term plasticity at the striatal postsynaptic
component, DA levels in the NAc by in vivo microdialysis, and
the putative recovery effect of acute L-3,4-dihydroxyphenylalanin
(L-DOPA) treatment during withdrawal. The possibility that
boosting DA signaling may lead to a rescue of alcohol-related
dysfunction suggests therapeutic implications.

Materials and Methods

Animals

Male Sprague-Dawley rats (Charles River Laboratories), weighing 125—
155 g at the beginning of treatment, were housed individually in single
cages. No extra chow or water was supplied and animals were fed only
with a liquid diet, continuously available, prepared as previously re-
ported (Spiga et al., 2014). Briefly, fresh whole cow milk, 910970 ml
(CoaPla), vitamin A 5000 IU/L, and sucrose 17 g/L that supplies 1000.7
keal/L, was freshly prepared daily. Temperature 22 = 2°C and humidity
60—65% were maintained under controlled environmental conditions
(on a reverse 12 h light/dark cycle). Animals were divided in different
experimental groups: alcohol-naive controls (CTRL; continuously fed
with alcohol-free milk), chronically alcohol-treated rats (EtOH-CHR;
continuously fed with alcohol-containing milk and tested immediately
after treatment was terminated), alcohol withdrawn rats (EtOH-WDL;
continuously fed with alcohol-containing milk and tested 12 h after
treatment was terminated), EtOH-WDL(48 h), and EtOH-WDL(14 d)
rats tested, respectively, 48 h and 14 d following the interruption of the
chronic alcohol diet. All experiments were conducted in accordance with
the regulations of the Committee for the Protection and Use of Animals
of the University of Palermo, Sassari and Cagliari, in accordance with
current Italian legislation on animal experimentation (D.L. 26/2014) and
the European directives (2010/63/EU) on care and use of laboratory
animals (authorization no. 172/2017-PR to E.S.). Every effort was made
to minimize the number of animals used and their sorrow.

Experimental design
Details of the experiments, groups, factors, and analyses used are dis-
played in Table 1.

Alcohol dependence induction
Alcohol dependence was induced by feeding rats with a liquid diet as
previously reported (Spiga et al., 2014). Briefly, the mix was presented at
the same time of the day (09:30 A.M.). The diet was gradually enriched
with 2.4% (Days 1-4), 4.8% (Days 5-8), and 7.2% (Days 9-20) alcohol
and administered for 20 d. The animal body weight, as well as alcohol and
liquid intake, were monitored daily. Under these experimental condi-
tions blood alcohol concentrations reach 76.41 * 16.41 mg/dl within 30
min of liquid diet suspension; and <1 mg/dl at 12 h after liquid diet
suspension (EtOH-WDL rats; Spiga et al., 2014).

Controls (CTRL) were pair-fed with alcohol-free milk liquid diet.

Withdrawal signs, including body tremors, tail stiffness, and irritabil-
ity to touch (vocalization) were monitored and scored by a skilled exper-
imenter blind to treatments using a rating scale as follows: 0 = no sign,
1 = moderate, 2 = severe (Spiga et al., 2014). Individual withdrawal sign
rating was then combined to produce a global score of withdrawal sever-
ity with a maximum total of 6.

Emotional-object recognition test

Apparatus. The Emotional-object recognition (EOR) test was used for
the assessment of aversive limbic memory. It used two distinct contexts
(A and B) placed in different rooms. Context “A chamber” is a rectangu-
lar arena with white floors (100 long X 30 wide X 43 high, cm). Rat
behavior was recorded and analyzed by ANY MAZE Video Tracking
System (Ugo Basile). A left and a right zone (40 X 30 cm) on both ends of
Context A chamber, as well as a neutral zone in the center of the box (20
cm) represented the arena settings (modified from Ramirez et al., 2015).
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Table 1. Experimental design

Experiments Groups

CTRL; EtOH-WDL; CTRL + 1-DOPA;
EtOH-WDL + -DOPA

Locomotor activity CTRL; EtOH-CRH; EtOH-WDL

Emotional-object recognition CTRL; EtOH-CRH; EtOH-WDL; CTRL +
test 1-DOPA; EtOH-WDL + 1-DOPA

Analysis

Behavior Signs of withdrawal Kruskal-Wallis test, Dunn’s post hoc test;

factor: withdrawal Mann—Whitney U test; factor: -DOPA treatment
Kruskal—Wallis test; factor: treatment
one-way ANOVA, Bonferroni post hoc test; factor: treatment; two-way ANOVA,
Bonferroni post hoc test; factors: withdrawal; 1-DOPA treatment

Tail-flick test CTRL; EtOH-CRH; EtOH-WDL one-way ANOVA; factor: treatment
Golgi-Cox, immunofluorescence  TH; PSD-95 CTRL; EtOH-WDL; CTRL + 1-DOPA;  two-way ANOVA, Bonferroni post hoc test; factors: withdrawal; L-DOPA treatment
EtOH-WDL + 1-DOPA
Spine analysis (stubby, CTRL; EtOH-WDL; CTRL + 1-DOPA;  two-way ANOVA, Bonferroni post hoc test; factors: withdrawal; .-DOPA treatment

mushroom, long thin, filopodia) EtOH-WDL + 1-DOPA

Electrophysiology, AMPA/NMDA i vivo, .-DOPA

CTRL; EtOH-CRH; EtOH-WDL CTRL +

one-way ANOVA, Bonferroni post hoc test; factor: treatment two-way ANOVA,

ratio; LTD 1-DOPA; EtOH-WDL + 1-DOPA Bonferroni post hoc test; factors: withdrawal; 1-DOPA treatment
in vitro, DA CTRL; EtOH-WDL; EtOH-WDL + DA;  one-way ANOVA, Bonferroni post hoc; factor: treatment

EtOH-WDL + DA + SCH;
EtOH-WDL + DA + Sulp

Microdialysis invivo CTRL; EtOH-WDL CTRL + L-DOPA;  two-way ANOVA, Sidak/Tuckey post hoc test; factors: withdrawal; time
EtOH-WDL + 1-DOPA

SCH, SCH23390; Sulp, sulpiride.
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Figure 1.  Alcohol withdrawal disrupts limbic memory formation. Limbic memory was assessed in rats by (a) the EOR test, here schematically represented. Four hours after the cued fear-

conditioned learning, rats were put into the central zone of Context A chamber and tested for individual zone preference in epoch BSL. Afterward emotional-object avoidance and target-zone
aversion were assessed in epoch ON-1 (objects in the arena), OFF (objects removed from the arena), ON-2 (objects in the arena). Twelve hour alcohol-withdrawn rats (EtOH-WDL) displayed reduced
(b) emotional object avoidance and (c) target-zone aversion with respect to alcohol-naive control (CTRL) and chronically-EtOH-exposed (EtOH-CHR) rats. No significant differences between CTRL and
EtOH-CHR were recorded. EtOH-WDL did not show sensory-motor impairment, in terms of (d) TDT when video-tracked during the BSL epoch in context A chamber, and (e) tail-flick latency following
the EOR test. Each bar represents the mean == SEM; n = 8 rats. Each box-and-whisker plot represents the median (horizontal line in the box), 25-75% (box), and min-to-max (whiskers) values of

n = 8rats. ***p < 0.001, *p < 0.05.

Context A chamber was customized with two different, nontoxic objects
(i.e., a plastic ball, 3.5 cm diameter, and a plastic pepper, 3 X 3 X 4 cm)
that were placed against the end walls of the left and the right zones of the
arena, according to the procedure described below. Objects and their
position were counter-balanced within the experimental groups.
Context “B chamber” was a rectangular chamber (45 X 22 X 22 cm),
and equipped with grid floor, opaque ceilings, and dark walls. Rats were
allowed to explore Context B chamber for habituation and conditioned/
cued-learning; they were then tested in Context A chamber for emotional
recognition. Floors and walls of the chambers were thoroughly cleaned
with 70% isopropanol, then dried with tissue paper, and rinsed again
with water 10 min before animals’ entry into the chambers. Rats were

transported to and from the experimental room in their home cages
using a wheeled cart. The cart and cages remained in an anteroom to the
experimental rooms during all behavioral experiments (Fig. 1a).

Habituation. Habituation took place in Context B chamber and con-
sisted of two separate sessions: environmental exploration, during which
rats were put in the arena and left undisturbed to explore the chamber for
5 min; neutral-object exploration, in which an object (plastic ball or
pepper) was placed in the opposite corner with respect to the rat’s entry
and presented to the animals for 10 min. Between the two sessions, rats
were taken and returned to their home cages for 10 min.

Cued fear-conditioned learning. One hour after neutral-object explora-
tion, rats were replaced in Context B chamber, presented with a novel
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object (emotional-object)and trained for fear conditioning. The session
was 560 s in duration, and five 2 s, 0.3 mA shocks were delivered at 120,
200, 280, 360, 440, and 520 s. At the end of the session, animals returned
in their home cages for 4 h retention interval.

Emotional-object recognition: Context A chamber. Four hours after
cued-fear conditioned learning, animals were put into Context A cham-
ber and tested for emotional-object discrimination and object-place
aversion in a neutral context, A chamber. They were allowed to freely
explore the new context for 5 min; for each rat, favorite zone, between left
and right ones, was recorded at epoch baseline (BSL). Afterward, the
object experienced during fear conditioning (emotional-object) was
placed in the favorite zone; the object experienced during habituation
(neutral-object) was placed in the less preferred zone. Rats explored
objects and zones from minutes 5 to 8 (epoch ON-1). During minutes
8-11, objects were removed from the arena (epoch OFF). During min-
utes 11-14, the objects were reintroduced in the same positions as min-
utes 5—8 (epoch ON-2). Finally, rats were placed in their home cages and
carted back to the holding room. At the end of each experimental session,
both objects and arena were cleaned with a 70% solution of isopropanol.
Time spent on exploring objects and zones was recorded along the ep-
ochs. Emotional-object discrimination was measured by “emotional-
object avoidance %7, which was calculated as follows: 100 — [(time spent
on the emotional-object/time spent on neutral- + emotional-object)
%)]. Object-place conditioning was measured by “target-zone aversion
score”, which was calculated as the difference between time spent on the
target zone during BSL and the mean time spent on the target zone
during ON epochs.

Drugs (behavior). .-DOPA was used at the dose of 6 mg/kg (Nikolaus et
al., 2016) in all the experimental procedures; the dose of 1.5 mg/kg was
also tested in the aversive limbic-memory experiment. L-DOPA was ad-
ministered by a subcutaneous single injection 1 h before the cued fear-
conditioned learning session. In addition, to prevent the peripheral
decarboxylation of DOPA, the DOPA decarboxylase inhibitor bensera-
zide (6 mg/kg) was coinjected. Control rats received the same volume of
vehicle (1 ml/kg), at the same time schedule.

Locomotor activity

Locomotor activity was measured in the Context A chamber during the 5
min epoch BSL of the emotional object recognition experiment. The
motor pattern of the rats was recorded by using an automatic video-
tracking system (ANY MAZE, Ugo Basile), and measured as total dis-
tance traveled (TDT; in meters).

Hot-water immersion, tail-flick test

Nociception was explored by measuring tail-flick latencies in the “hot-
water immersion, tail flick” test following the emotional object recogni-
tion test. Rats’ tails were immersed for 2 cm in a water bath apparatus
(Instruments Srl) maintained at 52 = 0.5°C. Latency to response was
determined by a vigorous tail flick by a skilled experimenter blind to
treatments. A cutoff time of 10 s was imposed to minimize tissue damage.

Golgi-Cox and simultaneous immunofluorescence
Rats were deeply anesthetized with chloral hydrate and perfused intrac-
ardially with 0.9% saline solution (400 ml) followed by 4% paraformal-
dehyde, pH 7.4 (200 ml). The removed brains were postfixed in same
fixative overnight at 4 C°. Afterward brains were washed in 0.4 M Soren-
son’s phosphate buffer (PBS) for 8 h (8 changes of 1 h each) and placed in
20 ml of Golgi-Cox solution for 2 weeks. Brains were cut in 50-um-thick
coronal slices using a vibratome Leica VT 1000S. Slices were developed in
ammonia solution at 15% for 30 min (Spiga et al., 2014), washed, and
collected in PBS for the following free-floating immunostaining. To pre-
vent nonspecific binding, slices were preincubated in 10% normal goat
serum solution containing 5% bovine serum albumin and 1% Triton
X-100 in PBS overnight at 4°C. At this point, sections were incubated
with two primary antibodies: polyclonal rabbit anti-TH (1:200; Santa
Cruz Biotechnology) and mouse anti-PSD-95 (1:200; Santa Cruz Bio-
technology) in PBS for 48 h at 4°C.

Sections were washed 3 X 10 min in PBS, and incubated in biotinylated
goat anti-mouse (1:200; Vector Laboratories), and anti-rabbit Alex-
aFluor 594 (1:200; Invitrogen) in PBS for 4 h at RT. After this step, slices
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were incubated in fluorescein-streptavidin (1:200; Vector Laboratories)
in PBS for 1 hat RT and then washed 3X 10 min in PBS and coverslipped
with VECTASHIELD (Vector Laboratories).

TH and PSD-95 counts
For counts, confocal images were obtained 24 h after the conclusion of
the histology procedure. The TH and PSD-95 volume were determined
as follows:

For each dataset (n = 6—8 rats per group), four surfaces (x = 40 um;
y = 40 pm; z = 10; ROI) were randomly chosen by an experimenter
blind to treatments. In each ROI, by a simple thresholding, objects
were created and their volume was calculated, summed and expressed
as volume/um?>.

Spines density and classification

For spines density evaluation, n = 40 distal dendritic segments (at least
20 pwm long), from confocal images of shell MSN of each experimental
group (n = 6-8 rats per group), were collected and automatically (fila-
ment tool Bitplane Imaris 7.4) counted. Using the same dendritic seg-
ment, we classified spine typology according to Spiga et al. (2014).

Laser scanning confocal microscopy

Confocal analysis was performed using a Leica 4D confocal laser-
scanning microscope with an argon—krypton laser. Confocal images
were generated using 100X oil (N.A. 1.3). Each frame was acquired eight
times and then averaged to obtain noise-free images. Scans were per-
formed in sequence using channels for fluorescein, rhodamine and re-
flection, using, exactly, the same range in z-axis. Resulting datasets were
combined, frame by frame, for simultaneous rendering.

Rendering

Maximum intensity and extended focus algorithms were used for surface
rendering to display and analyze the anatomical structures. The rendered
3D surfaces were analyzed for counts and to show the interaction be-
tween fluorescence and Golgi-Cox stained elements. Colocalization anal-
ysis (Imaris 7.0) was also used.

Electrophysiology experiments

Coronal brain slices containing the NAc shell region were prepared as
previously described (Spiga et al., 2014). Briefly, animals were subjected
to deep anesthesia with isoflurane 2-5% and decapitated. Their brain was
rapidly removed from the skull and transferred to a modified artificial
CSF (ACSF) containing the following (in mm): 220 sucrose, 2 KCl, 0.2
CaCl,, 6 MgSO, 26 NaHCO;, 1.3 NaH,PO,, and 10 p-glucose (pH 7.4,
set by aeration with 95% O, and 5% CO,). Coronal brain slices (thick-
ness, 260 wm) containing the NAc shell were cut in ice-cold modified
ACSF using a Leica VT1200S vibratome. Slices were then transferred
immediately to a nylon net submerged in standard ACSF containing the
following (in mm): 126 NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 26 NaHCO;, 1.25
NaH,PO,, and 10 p-glucose (pH 7.4, set by aeration with 95% O,/5%
CO,) for at least 40 min at a controlled temperature of 35°C. After sub-
sequent incubation for at least 1 h at room temperature, hemi-slices were
transferred to the recording chamber, and continuously perfused with
standard ACSF at a constant flow rate of ~2 ml/min. For all recordings,
the temperature of the bath was maintained at 33°C. Glutamatergic
EPSCs were recorded, in the presence of the GABAA receptor antagonist
bicuculline (20 um), with an AxoPatch 200-B amplifier, filtered at 2 kHz,
and digitized at 5 kHz. For evoked EPSCs a bipolar concentric stimulat-
ing electrode was placed at the bottom of the NAc shell while recorded
MSNss were always located ~400 wm above the stimulating electrode tip.
For calculating the NMDA/AMPA ratio, AMPAr-mediated eEPSCs were
recorded at a holding potential of —65 mV, whereas NMDAr-mediated
responses were recorded at a holding potential of +40 mV in the pres-
ence of the AMPA/kainate receptor antagonist CNQX (5 um). For LTD
experiments, eEPSCs were recorded in voltage-clamped (—65 mV)
MSNss at a frequency of 0.05 Hz (baseline) for at least 10 min; no differ-
ences were found in baseline currents at the stimulation used to evoke the
30% of maximal response; a low-frequency stimulation (LFS; 500
stimuli at 1 Hz) paired with membrane depolarization (holding po-
tential, —50 mV) was then applied, and eEPSCs were then recorded
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Table 2. Rating of behavioral signs of withdrawal
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(TRL EtOH-WDL12h EtOH-WDL 48 h EtOH-WDL 14 d
Median IR Median IQR p Median IQR p Median IR p
Global rating
Vehicle 0.0 0.0-0.0 3.0 3.0-45 e 2.0 1.0-2.0 * 0.0 0.0-05 ns.
1-DOPA 0.0 0.0-0.0 2.0 1.0-2.0 AA 1.0 0.5-1.0 n.s. 0.0 0.0-0.5 n.s.
Individual signs
Body tremors
Vehicle 0.0 0.0-0.0 0.5 0.0-1.0 * 0.0 0.0-0.5 n.s. 0.0 0.0-0.0 n.s.
1-DOPA 0.0 0.0-0.0 0.0 0.0-1.0 n.s. 0.0 0.0-0.0 n.s. 0.0 0.0-0.0 ns.
Tail stiffness
Vehicle 0.0 0.0-0.0 1.0 1.0-2.0 ** 1.0 0.5-2.0 *x 0.0 0.0-0.0 ns.
1-DOPA 0.0 0.0-0.0 0.5 0.0-1.0 n.s. 0.0 0.0-0.0 n.s. 0.0 0.0-0.0 n.s.
Iritability to touch
Vehicle 0.0 0.0-0.0 2.0 1.0-2.0 x 0.5 0.0-0.5 n.s. 0.0 0.0-0.5 n.s.
1-DOPA 0.0 0.0-0.0 1.0 0.5-1.0 A 1.0 0.0-1.0 n.s. 0.0 0.0-0.5 ns.

Each individual sign of withdrawal was rated on a 0—2 point scale, with 0 representing absence of sign, 1 representing moderate severity, and 2 representing extreme severity. Individual withdrawal sign ratings were then combined to
produce a global score. Data are indicated as median and interquartile range (IQR) of n = 8 rats. ***p << 0.001, **p << 0.01, *p << 0.05 Dunn’s post hoc test versus CTRL; ~*p << 0.01, “p << 0.05 two-tailed Mann—Whitney U test versus

vehicle.

for the following 60 min at a frequency stimulation of 0.05 Hz. LTD
was calculated by averaging the EPSC amplitude values measured
50-60 min after LES and expressed as percentage of baseline as aver-
age of the last 10 min of recording.

Drugs (electrophysiology). 1-3,4-dihydroxyphenylalanin (L.-DOPA; 6
mg/kg) was administered acutely by a subcutaneous injection 1 h before
kill, in association with the peripheral antagonist of DOPA decarboxyl-
ase, benserazide (6 mg/kg). Moreover, the following drugs were tested in
vitro by bath perfusion of NAc slices, obtained from the different exper-
imental groups, for 5 min before applying LFS: dopamine (10 um), the
DIR antagonist SCH23390 (10 uMm), and the D2R antagonist sulpiride
(10 um).

In vivo microdialysis studies

Rats were anesthetized with Equitesin (3 ml/kg, i.p.) and placed in a
stereotaxic apparatus. The skull was exposed, and a small hole was drilled
on one side. The probe was implanted vertically in the NAcshell (A + 2.2;
L + 1.0 from bregma; V-7.8 from dura) according to Paxinos and Wat-
son (1998), and then fixed on the skull with dental cement. Rats were
housed in transparent plastic (Plexiglas) hemispheric bowls with liquid
diet available. Experiments were performed on freely moving rats 24 h
after probe implantation. A Ringer’s solution (in mm: 147 NaCl, 2.2
CaCl,, 4 KCl) was pumped through the dialysis probe at a constant rate of
1 pl/min. Dialysate samples (20 ul) were taken every 20 min and injected
without purification into an HPLC apparatus equipped with a reverse-
phase column (C8 3.5 um, Waters) and a coulometric detector (ESA
Coulochem II) to quantify DA. The first electrode of the detector was set
at + 130 mV (oxidation) and the second at —175 mV (reduction). The
composition of the mobile phase was 50 mm NaH,PO,, 0.1 mm Na,-
EDTA, 0.5 mm N-octyl sodium sulfate, and 15% (v/v) methanol, pH 5.5.
The sensitivity of the assay for DA was 5 fmol/sample. At the end of the
experiment, animals were killed and their brains were removed and
stored in formalin (8%) before histological analysis. To this end, brains
were cut on a vibratome in serial coronal slices (20 wm) oriented accord-
ing to Paxinos and Watson (1998) to locate the placement of the micro-
dialysis probe.

Statistical analysis
All data are expressed as the mean = SEM unless differently indicated. All
data were tested for normality and equal variances. When data exhibit
normality and equal variances, differences between groups were deter-
mined using either a one- or two-way ANOVA followed by Bonferroni
post hoc test when the main effect was significant (p < 0.05). Data from in
vivo microdialysis were analyzed by using repeated-measures (RM) two-
way ANOVA, followed by post hoc Sidak or Tukey tests, when necessary.
Data that did not display equal variances and data from the withdrawal
rating scale were analyzed by Kruskal-Wallis, followed by Dunn’s post
hoc test when necessary and Mann—Whitney U nonparametric tests.
Statistical analysis was performed using Prism 6.0 (GraphPad Soft-

ware). No statistical methods were used to predetermine sample sizes but
our sample sizes are similar to those reported in previous publications.
Grubbs outlier test was performed on immunofluorescence images that
varied >2 SD from the mean were removed and not considered for data
analysis (1 of 8 images for 2 of 6 samples in CTRL group; 1 of 8 images for
2 of 8 samples in EtOH-WDL and EtOH-WDL+ 1-DOPA groups).

Results

Signs of withdrawal from ethanol liquid diet administration
The signs of withdrawal at 12 h, 48 h, and 14 d after EtOH diet
suspension were scored immediately before the EOR testing in
the different experimental groups. Each individual sign of with-
drawal was rated on a 0—2 point scale; then they were combined
to produce a global score of withdrawal severity with a maximum
total of 6 (Table 2). Data analysis on global score rating, including
withdrawal as main factor, revealed significant differences among
the groups (Kruskal-Wallis statistic = 27.84, p < 0.001). In par-
ticular, withdrawal global score was significantly higher in rats at
12 h withdrawal from EtOH liquid diet than controls (p < 0.001,
Dunn’s multiple-comparisons test) and 48 h (p = 0.0224,
Dunn’s multiple-comparisons test) time points, whereas no dif-
ferences were observed at 14 d (p > 0.999, Dunn’s multiple-
comparisons test). The analysis of individual signs of withdrawal
indicated significant differences in body tremor (Kruskal-Wallis
statistic = 9.874, p = 0.0197), which was significantly higher in
EtOH-WDL (12 h) than CTRLs (p = 0.0201, Dunn’s multiple-
comparisons test); tail stiffness (Kruskal-Wallis statistic = 20.0,
p = 0.0002), which was significantly higher in EtOH-WDL (12 h;
p = 0.0025, Dunn’s multiple-comparisons test) and EEOH-WDL
(48 h) rats (p = 0.0094, Dunn’s multiple-comparisons test) than
CTRL rats; and irritability to touch (Kruskal-Wallis statistic =
19.95, p = 0.0002), which was significantly higher in EtOH-WDL
(12 h) than CTRLs (p = 0.0001, Dunn’s multiple-comparisons
test).

The administration of L-DOPA in EtOH-WDL rats significantly
decreased withdrawal global score [two-tailed Mann—Whitney test,
including 1-DOPA treatment as factor: EtOH-WDL (12 h) +
L-DOPA vs EtOH-WDL (12 h): U = 5.0, p = 0.0040] and irritability
to touch [two-tailed Mann—Whitney test EEOH-WDL (12 h) +
L-DOPA vs EEOH-WDL (12 h): U= 9.0, p = 0.0131] compared with
vehicle.

Aversive limbic memory
We explored the consequences of the abrupt abstinence from
alcohol chronic exposure on learning and memory processes that
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occur when rats adapt their behavior on the basis of the associa-
tion with an aversive experience.

To address this issue, we used a novel task that enables to
study the formation of limbic memory as a result of the acqui-
sition and retrieval of fear-conditioning-biased declarative
memory traces by assessing rat discrimination of an emotional-
object and object-place aversion (Brancato et al., 2016; Fig. 1a).
We found that whereas control- and chronically-EtOH exposed rats
avoided the exploration of the fear-conditioned cue and displayed
conditioned object-place aversion, early withdrawn rats from a
chronic alcohol diet (EtOH-WDL) displayed disrupted acquisition
of cue-paired aversive inputs such as decreased emotional object
avoidance (one-way ANOVA, including treatment as main factor:
F(,1) = 10.51, p = 0.0007; Bonferroni post hoc test: CTRL vs EtOH-
WDLt = 4.516,df = 21, p < 0.001; EtOH-CHR vs EtOH-WDL t =
2.945,df = 21, p < 0.05; Fig. 1b) and decreased target-zone aversion
(one-way ANOVA: F(, ,,, = 27.51, p < 0.0001; Bonferroni post hoc
test: CTRL vs EtOH-WDLt = 6.542, df = 21, p < 0.001; EtOH-CHR
vs EtOH-WDL ¢ = 6.299, df = 21, p < 0.001; Fig. 1¢) with respect to
alcohol-naive control (CTRL) and chronically-EtOH-exposed
(EtOH-CHR) rats, notwithstanding the absence of sensory/

motor impairment in terms of TDT when video-tracked dur-
ing the BSL epoch in context A chamber (Kruskal-Wallis test,
p = 0.2685; Fig. 1d), and tail-flick latency following the EOR
test (one-way ANOVA, F, ,,) = 0.2070, p = 0.8147; Fig. le).

When L-DOPA (6 mg/kg, s.c., in association with benserazide
6 mg/kg, s.c.) was administered 1 h before the fear conditioning
paradigm at 12 h of abstinence, rats reversed their behavioral
pattern and displayed acquisition and retrieval of the cue—fear
association in a similar pattern as alcohol-naive controls. Indeed,
EtOH-WDL + L-DOPA-treated rats displayed increased emo-
tional object avoidance (two-way ANOVA, including withdrawal
and L-DOPA treatment as factors, L-DOPA: F(, ,5) = 19.96, p =
0.0001; withdrawal: F, 55y = 10.97, p = 0.0026; interaction:
F(128) = 13.50, p = 0.0010; Bonferroni post hoc test: CTRL +
vehicle vs EtOH-WDL + vehicle t = 4.94, df = 28, p = 0.0002;
EtOH-WDL + vehicle vs EEOH-WDL + L-DOPA ¢ = 5.757, df =
28, p < 0.001; Fig. 2a) and target-zone aversion score (two-way
ANOVA considering withdrawal and L-DOPA treatment as fac-
tors, L-DOPA: F, 55y = 21.09, p < 0.0001; withdrawal: F(, 55, =
82.68, p < 0.0001; Bonferroni post hoc test: CTRL+vehicle vs
EtOH-WDL+vehicle t = 7.068, df = 28, p < 0.0001; EtOH-
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Figure 3. DA increase reverts aberrant structural plasticity in the NAc of alcohol-withdrawn rats. a, Representative 3D reconstruction of the simultaneous visualization of Golgi-Cox

stained MSNs. b, 3D reconstruction of the simultaneous visualization of Golgi-Cox stained MSNs (red), DA projections (TH+; green), PSD-95 (yellow), and long-thin spines (blue) in
alcohol-naive control (CTRL), 12 h alcohol-withdrawn rats (EtOH-WDL), and 12 h alcohol-withdrawn rats administered with .-DOPA (EtOH-WDL + 1-DOPA) Scale bar 20 m. --DOPA
administration restores the aberrant structural plasticity of the synaptic triad in the NAc of withdrawn-rats. Indeed, .-DOPA (c) selectively expanded the density of long-thin spines to
similar values as controls; (d) increased TH levels and (e) produced a complete restoring of the immunolabeling for PSD-95 in the NAc. Each bar represents the mean = SEM; n = 6 -8

rats. ***p < 0.001, *p < 0.05.

WDL + vehicle vs EEOH-WDL+1L-DOPA ¢ = 3.886,df = 28,p =
0.0034; Fig. 2b) up to CTRL level.

Interestingly, limbic memory disruption in EtOH-WDL rats
was recorded in the EOR task after 48 h and 14 d of withdrawal,
highlighting the rigid persistence of the disrupted processing of
emotionally salient information. Indeed, at 48 h and 14 d of
withdrawal, EtOH-WDL rats showed decreased emotional object
avoidance [two-way ANOVA, including withdrawal and 1-DOPA
treatment as factors, L-DOPA: F, ,,, = 7.188, p = 0.0104; with-
drawal: F, ,,) = 14.52, p < 0.0001; interaction: F, 4, = 0.7173,
p = 0.4940; Bonferroni post hoc test: CTRL+vehicle vs EtOH-
WDL(48 h)+vehicle + = 4.129, df = 42, p = 0.0025;
CTRL+vehicle vs EtOH-WDL(14 d) +vehicle t = 3.755, df = 42,
p = 0.0079; Fig. 2c] and target-zone aversion score [two-way
ANOVA including withdrawal and L.-DOPA treatment as factors,
L-DOPA: F| ;,) = 3.6, p = 0.0647; withdrawal: F, ,,, = 30.62,
p < 0.0001; interaction: F, ,,, = 1.106, p = 0.3402; Bonferroni
post hoc test: CTRL+vehicle vs EEOH-WDL(48 h)+vehicle t =
4.19, df = 42, p = 0.0021; CTRL+vehicle vs EtOH-WDL(14
d)+vehicle r = 3.472, df = 42, p = 0.0181; Fig. 2d], with respect
to alcohol-naive controls (CTRL). L-DOPA administration did

not exert the same rescuing effect on aversive limbic memory
when it was administered at 48 h and 14 d of withdrawal
[emotional-object avoidance, Bonferroni post hoc: EtOH-
WDL(48 h)+vehicle vs EEOH-WDL(48 h) +1-DOPA ¢ = 1.725,
df = 42, p > 0.999; EtOH-WDL(14 d)-+vehicle vs EtOH-
WDL(14 d)+1-DOPA t = 2.292, df = 42, p = 0.4044; Fig. 3a;
target-zone aversion score, Bonferroni post hoc: EtOH-WDL(48
h)+vehicle vs EEOH-WDL(48 h) +1-DOPA ¢t = 0.3578, df = 42,
p > 0.999; EEOH-WDL(14 d) +vehicle vs EEOH-WDL(14 d) +1-
DOPA t = 0.6285, df = 42, p > 0.999; Fig. 2¢,d].

In contrast, the rescuing effect of early (12 h withdrawal)
L-DOPA administration was dose-dependent on both emotional
object avoidance (one-way ANOVA, considering treatment as
main factor: F(, 5, = 9.275, p = 0.0013; Bonferroni post hoc test:
EtOH-WDL+vehicle vs EEOH-WDL +1-DOPA 6.0 mg/kg t =
4.277,df = 21, p < 0.01; Fig. 2e) and target-zone aversion score
(one-way ANOVA considering treatment as main factor:
Fo1 = 7.34, p = 0.0038; Bonferroni post hoc test: EtOH-
WDL+vehicle vs EEOH-WDL + L -DOPA 6.0 mg/kg t = 3.386,
df = 21, p < 0.01; EtOH-WDL+ L -DOPA 1.5 mg/kg vs EtOH-
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Figure 4.

Effects of EtOH withdrawal on LTD formation in rat NAc MSNs. AMPAR-mediated eEPSCs were recorded in single voltage-clamped (— 65 mV) MSNs of the NAc shell obtained

from the different groups of animals [n of animals: CTRL = 5; EtOH-WDL (12 h) = 5; EtOH-WDL (48 h) = 4; EtOH-WDL (14 d) = 3]. a, Representative eEPSCs recorded before (black trace)
and 60 min after (blue trace) LFS paired with depolarization (—50 mV). b, Scatter plot graph of the changes in eEPSCamplitude in CTRL and EtOH-WDL (12 h, 48 h, and 14 d) with data
expressed as percentage of baseline. ¢, The graph illustrates the degree of LTD, calculated by averaging the eEPSC amplitude values measured 50 — 60 min after LFS and expressed as
percentage of baseline. The number of cells analyzed is indicated for each group. ***p = 0.0004. d, The scatter graph illustrates the distribution of individual values, averaged in c. Color

code is the same as in ¢. ***p = 0.0006.

WDL + L-DOPA 6.0 mg/kg ¢ = 3.246, df = 21, p < 0.05; Fig. 2/).
The dose of 1.5 mg/kg was discarded for further testing.

Structural architecture of MSN dendritic spines

Data of confocal microscopy on Golgi-Cox stained MSNs of the
NAc shell (Fig. 3a—e) highlighted that early EtOH withdrawal
produced a selective and significant reduction (—49.89 * 5.15 vs
CTRL) in the density of long-thin spines compared with CTRL
rats (two-way ANOVA including withdrawal and L-DOPA treat-
ment as factors: effect of withdrawal F, ,5, = 12.7, p = 0.0016;
Bonferroni post hoc test t = 5.637, df = 23, p < 0.001; Fig. 3b,c).
Subsequent immunostaining for both TH and PSD-95 measured
in NAc shell slices from 12 h withdrawn rats, revealed a signifi-
cant reduction in the immunoreactivity for both TH (44.34 *
3.2%; two-way ANOVA including withdrawal and rL-DOPA
treatment as factors: effect of withdrawal F(, 55y = 171.1, p <
0.001; Bonferroni post hoc test t = 10.18, df = 23, p < 0.001) and
PSD-95 (59.75 = 4.3%; two-way ANOVA including withdrawal
and L-DOPA treatment as factors: effect of withdrawal F, ,;, =
4.43, p = 0.0464; Bonferroni post hoc test t = 4.671, df = 23, p <
0.001) relative to CTRL rats (Fig. 3d,e).

We then evaluated whether restoring DA signaling during
withdrawal might also retrieve the disarranged architecture of the
MOSN synaptic triad in the NAc shell. Notably, the acute treatment
with the DA precursor L-DOPA (6 mg/kg, s.c., plus benserazide
6 mg/kg, s.c.) within the first 12 h abstinence and 1 h before rats
were killed, proved efficacy in: selectively expanding the density
of long-thin spines to similar values as controls (two-way

ANOVA including withdrawal and L.-DOPA treatment as factors:
effect of L-DOPA F, ,5) = 11.28, p = 0.0027; Bonferroni post hoc
test t = 5.906, df = 23, p < 0.001), restoring the immunolabeling
for PSD-95 in the NAc (two-way ANOVA including withdrawal
and L-DOPA treatment as factors: effect of L-DOPA F, ,; =
26.66, p < 0.001; Bonferroni post hoc test t = 7.313, df = 23, p <
0.001) and increasing TH levels in DA efferent projections (two-
way ANOVA including withdrawal and L-DOPA treatment as
factors: effect of L-DOPA F, ,;) = 6.034, p = 0.022; Bonferroni
post hoc test t = 2.99, df = 23, p < 0.05; Fig. 3b—e).

Long-term synaptic plasticity

Our functional analysis has confirmed previous evidence show-
ing that, in association with changes in dendritic spine density,
TH immunoreactivity and postsynaptic PSD 95 expression,
alcohol withdrawal dramatically and selectively decreases the
formation of LTD (Spiga et al., 2014). In particular, in single
voltage-clamped MSNs of the NAc shell, NMDAR-dependent
LTD, induced by LFS (500 stimuli at 1 Hz) paired with membrane
depolarization (—50 mV), was almost completely abolished
when tested 12 h after termination of EtOH exposure (Fig. 4a—d).
We here extend this finding by showing that the loss of LTD
formation was long-lasting as it was still apparent when tested
after 48 h and up to 14 d of withdrawal [F;;,, = 10.05; p =
0.0001; Bonferroni’s post hoc test, CTRL vs EEOH-WDL (12 h)
p = 0.0005, CTRL vs EtOH-WDL (48 h) p = 0.0004, CTRL vs
EtOH-WDL (14 d) p = 0.0006; Fig. 4a—d]. In a more detailed
evaluation of data obtained in EtOH-WDL (12 h) compared with
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Figure 5.  Single acute administration of -DOPA and bath perfusion of NAc slices with DA restores the hampered LTD formation in NAc shell MSNs from EtOH-withdrawn rats. a,
Representative EPSCs recorded before (black trace) and 60 min after (blue trace) LFS paired with depolarization (—50 mV) obtained in single MSNs from CTRL and EtOH-dependent rats
that were tested after 12 h withdrawal. EtOH-WDL rats were subjected to an acute administration of .-DOPA (6 mg/kg, s.c.) and benserazide (6 mg/kg, s.c.), or vehicle, 1 h before their
kill. b, Scatter plot graph of the changes in EPSC amplitude with data expressed as percentage of baseline. ¢, Scatter graph illustrating the distribution of individual data, averaged in b,
calculated by averaging the EPSCamplitude values measured 50 — 60 min after LFS and expressed as percentage of baseline. The number of cells analyzed is indicated in each group and
were obtained from five animals per group. ***p = 0.0002. d, Representative EPSCs recorded before (black trace) and 60 min after (blue trace) LFS paired with depolarization (—50 mV)
obtained in single MSNs from EtOH-dependent rats that were tested after 12 h of EtOH-WDL. Slices from EtOH-WDL rats were acutely perfused with dopamine (10 wm) 5 min before
application of LFS (indicated in green in graph e). e, Scatter plot graph of the changes in EPSCamplitude with data expressed as percentage of baseline. f, Scatter graph illustrating the
distribution of individual data averaged in e. The number of cells analyzed is indicated in each group and were obtained from five animals per group. ***p = 0.0002. A single
intraperitoneal injection of L-DOPA or DA perfusion in slice did not alter LTD formation in NAc shell MSNs from CTRL (g) or EtOH-CHR (h) rats. The bar graphs illustrate the degree of LTD,
calculated by averaging the EPSCamplitude values measured 50 — 60 min after LFS and expressed as percentage of baseline. The number of cells analyzed is indicated in each group and
were obtained from five animals per group.

CTRL group, the scatter graph in Figure 4d shows that the abol-
ishment of LTD is present in ~one-half of the cells tested (6 of 11
tested; Fig. 4d).

Glutamatergic excitatory neurotransmission in MSNs of the
NAc shell is heavily controlled by DAergic afferents coming from
the VTA (Russo and Nestler, 2013). Because the immunolabeling
of TH is markedly reduced in EtOH-WDL rats (present data and
Spiga et al., 2014), consistent with the idea of a “hypodopamin-
ergic state” associated with EtOH withdrawal (Melis et al., 2005),
we tested the capability of the in vivo L-DOPA treatment of

EtOH-dependent rats, in restoring the hampered long-term plas-
ticity observed at glutamatergic synapses. L-DOPA (6 mg/kg, s.c.)
and benserazide (6 mg/kg, s.c.) treatment, administered 1 h be-
fore the kill of EEOH-WDL rats, restored LTD formation (50 =
4.0% of BSL) to a value similar to that found in CTRL animals
(F2.30) = 11.58, p = 0.0002; Bonferroni’s post hoc test, CTRL vs
EtOH-WDL 0.0002, EtOH-WDL VS EtOH-WDL+ L -DOPA
0.0084; Fig. 5a—c), but failed to modify LTD formation in either
CTRL and EtOH-CHR rats (Fig. 5¢,h). To further explore the
effects of increasing DAergic signaling in the NAc of EtOH with-
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Figure 6.

Single acute administration of L-DOPA and bath perfusion of NAc slices with DA restore the decrease in NMDA/AMPA ratio in NAc shell MSNs from EtOH-withdrawn rats. a, Represen-

tative EPSCs mediated by NMDA and AMPA receptors recorded in single MSNs clamped at —70 mV (for AMPA) and +40 mV (for NMDAR in the presence of NBQX 5 wm) from the different
experimental groups. b, The graph summarizes the NMDAR/AMPAR ratio obtained from MSNs of the different groups. ¢, Scatter graph illustrating the distribution of individual data averaged in
aand b. The number of cells analyzed is indicated in each graph bar and were obtained from five animals per group. ***p = 0.0001.

drawn rats, in a different set of experiments brain slices contain-
ing the NAc shell, obtained from animals of the different
experimental groups, were bath-perfused with 10 um DA (Lavin
and Grace, 2001) for 5 min before the application of LFS. DA
perfusion completely rescued LTD formation (46 = 4% of BSL)
in slices obtained from EtOH-WDL animals (Fig. 5d—f; F(, 33, =
11.45, p = 0.0002; Bonferroni’s post hoc test, CTRL vs EtOH-
WDL p = 0.0016, EEOH-WDL VS EtOH-WDL+DA p = 0.0019,
CTRL vs EtOH-WDL+DA p = 0.999), but did not alter signifi-
cantly the extent of LTD in slices from either CTRL and EtOH-
CHR rats (Fig. 5g,h).

A recent study by Yagishita et al. (2014), reported that synap-
tically released DA was able to empower Hebbian plasticity of
D1-positive MSNs in the NAc core by an enlargement of den-
dritic spine heads within 1 s, and a decay of few seconds. Taking
advantage of such findings, to evaluate whether WDL-induced
effect may be related to a specific sensitivity of D1 or D2 contain-
ing neurons in the NAc shell, we bath-applied DA (10 uM) in the
presence of the D1 and D2 receptor antagonists SCH23390 and
sulpiride, respectively. Figure 6 shows that coperfusion of
SCH23390, but not sulpiride, fully prevented the capacity of DA
to restore LTD formation in EtOH-WDL rats (F(, 45, = 8.86,p =
0.0001; Bonferroni’s post hoc test, EEOH-WDL vs EEOH-WDL +
DA p = 0.0049, EtOH-WDL vs EtOH-WDL + DA + SCH p =
0.8446, EtOH-WDL vs EtOH-WDL + DA + Sulpiride p =

0.0049), indicating that D1 receptors are selectively involved in
the restoring effect of DA on LTD formation in EtOH-WDL
(12 h) rats. The scatter graph in Figure 6¢ shows that the
different distribution of WDL-induced impairment in LTD
formation is still apparent in the presence of D1 antagonist
SCH but not with D2 antagonist sulpiride, where all cell tested
showed a consistent LTD formation. In addition, both in vivo
L-DOPA treatment and bath-perfusion of NAc slices with DA
reversed the reduction in NMDAR/AMPAR ratio in EtOH-
WDL rats (Spiga et al., 2014) to a value similar to CTRL ani-
mals (F(5 3,7 = 14.56, p = 0.0001; Bonferroni’s post hoc test,
CTRL vs EtOH-WDL p = 0.0001, EtOH-WDL VS EtOH-
WDL+L -DOPA p = 0.0001, EtOH-WDL VS EtOH-
WDL+DA p = 0.0001; Fig. 7).

In vivo microdialysis studies

Our neurochemical analysis confirmed previous evidence indi-
cating that EtOH withdrawal is associated with a marked reduc-
tion in DA levels (Diana et al., 1993). Indeed, basal DA
extracellular levels in the NAc shell of EEOH-WDL and CTRL
rats, assessed by in vivo microdialysis, were respectively 48.9 * 4
and 99.36 = 7 (mean = SEM; N = 4), expressed as fmol/20 ul
sample. In particular, the RM two-way ANOVA on basal DA
levels, including ethanol withdrawal as the between-subject fac-
tor and time as the repeated-measure factor, showed a significant
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experimental group. ***p = 0.0006.

main effect of ethanol withdrawal (F, 5y = 44.54, p = 0.0005)
with no effects of time (F(,,,) = 1.192, p = 0.3371) or their
interaction (F, ;,, = 0.7624, p = 0.4879; Fig. 8a).

To study the effects of L-DOPA on the hypodopaminergic
state of the NAc in ethanol withdrawal, the time course of extra-
cellular DA levels in NAc shell of EtOH-WDRL (12 h) and CTRL
rats following L-DOPA/benserazide administration (6/6 mg/kg,
s.c.) was monitored. As shown in Figure 8a, L-DOPA/benserazide
administration increased extracellular DA level in EtOH-WDL
rats, up to CTRL’s levels. In more detail, the RM two-way
ANOVA on DA levels following the L-DOPA/benserazide admin-
istration, including ethanol withdrawal as the between-subject
factor and time as the repeated-measure factor, showed a signif-
icant main effect of ethanol withdrawal (F,4 = 6.207, p =
0.0471) and time (F g5, = 2.410, p = 0.0223) but not of their
interaction (Fy 54y = 1.426, p = 0.2003). When Sidak’s multiple-
comparisons test was considered, it indicated that EtOH-WDL
group differed from CTRL only at the time point 0, when the
L-DOPA administration occurred (t = 3.234, p < 0.05, df = 60;
Fig. 8a).

Notably, when DA levels were expressed as percentage of base-
line, RM two-way ANOVA on DA levels following L.-DOPA ad-
ministration showed a main effect of group (F(, ;) = 13.41; p <
0.05), and time (F(g54 = 3.15; p < 0.05), and a significant

The selective antagonist of D1 but not D2 receptors prevents the restoring effect of DA on LTD levels in
EtOH-WDL (12 h) rats. NAc slices of EtOH-WDL rats were bath-perfused with DA (10 wm), in the absence or presence of
SCH23390 (10 M) or sulpiride (10 m), for 5 min prior LFS paired with depolarization (—50 mV). a, b, Scatter plot graph
of the changes in EPSC amplitude with data expressed as percentage of baseline. ¢, The scatter graph illustrates the degree
of LTD, as in graphs a and b, and were obtained from five animals. The number of cells analyzed is indicated for each
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group X time interaction (Fy s,y = 3.25;
p < 0.05). Tukey’s post hoc tests showed a
larger increase of dialysate DA in the NAc
shell of EtOh-WDRL (12 h) compared
with basal (filled symbols, t = 5.564, p <
0.001, df = 54; r = 4.490, p < 0.001, df =
54) and to dialysate DA in the NAc shell of
CTRL rats (40 min: t = 4.837, p < 0.001,
df = 60; 60 min: t = 3.984, p < 0.01, df =
60; Fig. 8b).

+ DA

Discussion

This research took advantage of a multi-
disciplinary approach aimed to visualize,
in alcohol-dependent rats, the structural,
functional, and behavioral outcomes of
alcohol withdrawal as a tridimensional
unicum, a whole (mal)adaptive process,
which recognizes in the hypodopaminer-
gic state a causal mechanistic basis. The
principal finding consists in the recovery
of alcohol withdrawal-associated abnor-
mal limbic memory and synaptic plastic-
ity, by strengthening DA transmission
with acute L-DOPA administration.

Aberrant aversive limbic memory
Alcohol-related impairment of aversive
memories could positively bias a drinker’s
memory of past negative drinking epi-
sodes, and this, in turn, may increase the
likelihood of future alcohol consumption.
Thus, it was our first requirement to de-
termine in alcohol-dependent rats how
withdrawal affects aversive limbic mem-
ory, acomplex function that integrates the
consciously accessible explicit- and the
unconscious implicit memory. Our evi-
dence suggests that experience-dependent
plasticity in the NAc during alcohol with-
drawal is associated to defects in neural circuitries that normally
serve fear-related learning. Indeed whereas control- and chroni-
cally alcohol exposed-rats avoided the fear-conditioned cue and
displayed conditioned object-place aversion in the EOR test,
alcohol-withdrawn rats displayed a disrupted processing of emo-
tionally salient information, notwithstanding the absence of sen-
sory/motor impairment.

Impairment in learning, memory, and recognition are re-
ported in humans during alcohol withdrawal (Parsons and
Nixon, 1993; Smith and Atkinson, 1995); alcoholic patients and
binge drinkers (Stephens and Duka, 2008) display reduced gal-
vanic skin responses to a fear conditioned tone (Stephens et al.,
2005) and, when presented with fearful facial expressions, show
inaccurate fear recognition (Townshend and Duka, 2003).

In agreement with the human data, alcohol withdrawal se-
verely disrupts fear conditioning in mice in a Pavlovian paradigm
(Kitaichi et al., 1995). In the laboratory setting, Pavlovian fear
conditioning represents the quintessential method of investigat-
ing implicit emotional learning (LeDoux, 1996). Nevertheless, it
is accompanied by some limitations including (Antoniadis and
McDonald, 1999): the assessment of single responses of fear as a
measure of implicit memory; the use of nondiscriminative para-
digms; the association between the unconditioned stimulus and
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the environmental context. Rather, the evaluation of limbic
memory by the EOR test overcomes these limitations since it
implies the recruitment of cognitive networks designed to the
encoding and storage of explicit memory representation (object-
recognition), and their integration with the emotional valence of
the fear-conditioning, in an unconditioned context. Indeed,
memories for emotional situations are not only formed implic-
itly, as the explicit memory circuits can process their own mem-
ories of emotional situations. Notably, dysfunctional aversive
limbic memory was still observed after 48 h and 14 d of absti-
nence, highlighting the persistence of defects in the neural cir-
cuitries that normally serve fear-related learning.

Aberrant architectural and functional structure of NAc MSNs
DA plays a crucial role in the morphological integrity of dendritic
spines in MSNs in the NAc (Freund et al., 1984). Decreased DA
levels or loss of DA neurons, such as in Parkinson’s disease mod-
els, reduce the number of dendritic spines (Ingham et al., 1993;
Solis et al., 2007; Garcia et al., 2010), whereas increase in DA
levels, by cocaine and amphetamine, enhances the number of
dendritic spines in MSNs (Robinson and Kolb, 1997, 1999; Li et
al., 2003; Lee et al., 2006; Singer et al., 2009). In this study, with-
drawal from alcohol consumption induced signs of aberrant
plasticity in the NAc, evidenced by the simultaneous visualiza-
tion of decreased TH and PSD-95 levels, and disarrangement
in dendritic spine architecture. The selective loss of thin spines
is suggestive of a model in which changes in spine volume and
density regulate the anatomy and activity of the mesocortico-
limbic network (Nusser et al., 1998; Kharazia and Weinberg,
1999; Matsuzaki et al., 2004; Okamoto et al., 2004). Our func-
tional analysis has indeed provided evidence that, in associa-
tion with changes in dendritic spine density and synaptic
protein expression, alcohol withdrawal virtually abolished
NMDAR-dependent LTD as indexed by patch-clamp record-
ings; moreover, a significant decrease in NMDAR/AMPAR
ratio compared with CTRL and EtOH-CHR animals was also
observed, likely as a consequence of the marked reduction in
NMDAR function. The impaired NMDA-dependent plasticity
associated with alcohol withdrawal is consistent with the de-

creased immunoreactivity for PSD-95, which plays a crucial
role as an anchoring protein for NMDA receptors in the spine
membrane (Zhang et al., 2009). Notably, the impairment in
LTD paralleled the time course of limbic memory impairment,
and persisted until day 14 of withdrawal.

Altogether, these data indicate that in NAc MSNs, alcohol
withdrawal-induced DAergic blunting, witnessed by reduced TH
expression, impairs NMDAR signaling through the reduced ex-
pression of PSD-95 and associated long thin spine loss. This effect
in turn may lead to dampening of LTD formation in these syn-
apses and result in dysfunctional aversive limbic memory.

Boosting dopamine transmission

The aberrant synaptic plasticity observed in the aforementioned
conditions might be the cellular background at the core of the
inability to correctly process aversive environmental stimuli into
salient memory engrams in alcohol-withdrawn rats. This poten-
tially suggests that counteracting the morphological abnormali-
ties recorded in the striatal triad by boosting DA tone during
alcohol withdrawal, would shape functional Hebbian plasticity
and restore limbic memory. This hypothesis was challenged by
injecting withdrawn rats with L-DOPA/benserazide, and moni-
toring DA release by in vivo microdialysis in the NAc shell. As
expected, the downregulated DA release in EtOH-WDL was
raised to control rats’ values by L-DOPA treatment, with almost
300% increase from basal levels. Interestingly, DA uprise proved
effective in selectively expanding the density of long-thin spines
to similar values as controls and produced a reinstatement of the
immunolabeling for TH and PSD-95. Notably, the rapid effect of
L-DOPA on morphology and PSD-95 immunohistology ob-
served in the present study is consistent with evidence showing
that spinogenesis involves fast dynamics (Bresler et al., 2001; Ko-
zorovitskiy et al., 2015). Dopamine stimulation is associated with
the recruitment of PSD95 to the postsynaptic density from a
diffuse dendritic cytoplasmic pool within 20—60 min (Bresler et
al., 2001; Fasano et al., 2013). PSD-95 recruited to the synaptic
sites complex with NMDA receptors, increase their signaling thus
promoting correct set up of synaptic plasticity mechanisms
(Wyneken et al., 2004). In this context, they may serve as key
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determinants in the machinery underlying the interplay be-
tween glutamate and dopamine pathways in the striatum
(Colledge et al., 2000; Swayze et al., 2004; de Bartolomeis and
Tomasetti, 2012). Indeed, the increase in DA availability was
also associated to the recovery of withdrawal-related ham-
pered long-term plasticity of the glutamatergic synapse in the
triad, with LTD reaching similar values as controls. Further,
LTD formation was also rescued in brain slices, obtained from
EtOH-WDL animals, in the presence of 10 um DA applied for
just 5 min before the induction of LTD. Accordingly, both in
vivo L-DOPA treatment and DA bath-perfusion of NAc slices
reversed the reduction in NMDAR/AMPAR ratio in EtOH-
WDL rats to control levels.

Although synaptic plasticity is observed in both D1- and
D2-MSNs (Shen et al,, 2008), alcohol-induced plasticity is
predominantly observed in striatal D1-MSNs, where alcohol
consumption affects NMDAR activity (Cheng et al., 2017). Con-
sistently, our data confirm that LTD formation was virtually ob-
served in all the MSNs of CTRL group (Fig. 4d). However in
EtOH-WDL rats LTD was apparent in ~40% of cells tested, sug-
gesting two different populations of cells affected by WDL. The
fact that SCH23390, but not sulpiride, completely prevented the
capability of DA to restore LTD formation in EtOH-WDL rats,
may suggest that MSNs expressing Dlare those selectively in-
volved in the aberrant plasticity associated with EtOH-WDL as
well as in the restoring effect of DA, strengthening the idea that
D1-MSN LTD recovery might be a potential therapeutic strategy
for alcohol use (Ma et al., 2018). Overall we suggest that restoring
DA levels in the NAc during early alcohol withdrawal re-
establishes D1-signaling in the MSN synaptic triad thus normal-
izing, likely via intraspinous calcium levels (Segal and Andersen,
2000), spine morphology and integrative properties, and revital-
izing Hebbian learning. Indeed, DA signaling in the NAc is of
exceptional importance for gating attention and facilitating con-
ditioned stimulus associations during fear-conditioning (Pezze
and Feldon, 2004; Wise, 2004; Bromberg-Martin et al., 2010).
Hence, we assumed that restoring blunted DA signaling and al-
tered connectivity in the NAc before the acquisition phase of the
limbic memory task would rescue the impairment in aversive
limbic memory here reported. Accordingly, we injected withdrawn
rats with L-DOPA/benserazide 1 h before the fear-conditioning par-
adigm at 12 h abstinence: in addition to the significant reduction
in withdrawal symptoms, EtOH-WDL rats displayed acquisition
and retrieval of the cue-fear association displaying emotional
object-recognition and target-zone avoidance, similar to con-
trols. However, L-DOPA effect was limited to early stages of with-
drawal since when injected at 48 h and 14 d of abstinence it was
ineffective, suggesting that DA replacement can rescue the with-
drawn maladaptive synapses just in the early “fluid” and respon-
sive state. Overall this evidence highlights a functional correlation
between neuronal and behavioral learning mechanisms in the
NAc that, in addition to encoding rewarding experiences, coop-
erates, as a crucial hub, to the integration of the multiple circuit-
ries that contribute to the formation of limbic memory (Ramirez
et al., 2015).

Conclusions

Alcohol-related impairment in aversive memory of events that
occur in the non-laboratory setting could lower the possibility
that negative alcohol-related outcomes discourage future
consumption; this might explain the disregard of negative
drinking-related consequences observed in alcohol-dependent
individuals.

J. Neurosci., January 30, 2019 - 39(5):929-943 « 941

Overall our data suggest that strengthening the DA signal,
during early withdrawal, may restore the structural architec-
ture of the NAc MSNs triad, presynaptic and postsynaptic
indices of functional plasticity that allow those synapses to
encode emotionally relevant information and rescue flexibil-
ity to the neuronal circuits that process limbic memory for-
mation. Under these conditions, drugs or nonpharmacological
tools, such as transcranial magnetic stimulation (Diana et al., 2017)
capable of boosting DA signaling (Steensland et al., 2012) during the
onset of the withdrawal maladaptive process, could help in breaking
the addictive cycle and prove useful in the treatment of alcohol
addiction.
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