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The transition to alcohol use disorder (AUD) involves persistent neuroadaptations in executive control functions primarily regulated
by the medial prefrontal cortex. However, the neurophysiological correlates to behavioral manifestations of AUD are not fully
defined. The association between cortical neuroadaptations and behavioral manifestations of addiction was studied using a multi-
symptomatic operant model based on the DSM-5 diagnostic criteria for AUD. This model aimed to characterize an AUD-vulnerable
and AUD-resistant subpopulation of outbred male Wistar rats and was combined with electrophysiological measurements in the
prelimbic cortex (PL). Mirroring clinical observations, rats exhibited individual variability in their vulnerability to develop AUD-like
behavior, including motivation to seek for alcohol (crit 1), increased effort to obtain the substance (crit 2), and continued drinking
despite negative consequences (crit 3). Only a small subset of rats met all the aforementioned AUD criteria (3 crit, AUD-vulnerable),
while a larger fraction was considered AUD-resilient (0 crit). The development of AUD-like behavior was characterized by
disruptions in glutamatergic synaptic activity, involving decreased frequency of spontaneous excitatory postsynaptic currents
(SEPSCs) and heightened intrinsic excitability in layers 2/3 PL pyramidal neurons. These alterations were concomitant with a
significant impairment in the ability of mGlu2/3 receptors to negatively regulate glutamate release in the PL but not in downstream
regions like the basolateral amygdala or nucleus accumbens core. In conclusion alterations in PL synaptic activity were strongly
associated with individual addiction scores, indicating their role as potential markers of the behavioral manifestations linked to AUD

psychopathology.

Neuropsychopharmacology; https://doi.org/10.1038/541386-024-01887-2

INTRODUCTION

Alcohol use disorder (AUD) is a complex psychiatric condition
involving harmful alcohol use transitioning to a chronic relapsing
profile even after extended periods of abstinence [1]. Long-term
neuroadaptations in the medial prefrontal cortex (mPFC) have
repeatedly been implicated in the manifestation of the transition
into compulsive drinking [2-6]. The mPFC represents the primary
neural site for value-based decision making and impulse control
by integrating excitatory inputs from multiple subcortical regions
[7]. Anatomical and functional studies in AUD patients reveal
alterations in PFC neuronal structure and connectivity that may
explain a lack of executive control over compulsive urge to
consume alcohol [3, 8-10].

Research conducted on animals has shown that changes in
mPFC excitatory glutamate signaling promotes the shift from
controlled alcohol consumption to compulsive drinking [5, 11-13].
In heavy drinkers both increases and decreases in extracellular
glutamate levels in the mPFC have been observed and recognized
as critical components of AUD pathophysiology [14-16].
Especially, excessive alcohol consumption impairs synaptic

transmission and neuronal excitability of glutamatergic pyramidal
neurons, which constitute the majority of neuronal populations
(>70%) in the mPFC [17-25]. These changes in excitatory
neurotransmission result from a complex interplay of different
molecular mechanisms involving pre- and postsynaptic neuronal
events and astrocytic activity [26]. However, most of these findings
derive from studies of rodents passively exposed to alcohol or
undergoing short periods of self-administration, whereas assess-
ment of multiple signs of loss of control over alcohol intake most
likely requires prolonged voluntary drinking that mimics human
condition [27, 28].

The clinical manifestations for AUD are described in the
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) and
encompass key features as: excessive alcohol drinking despite
negative consequences, and alcohol craving [29]. We recently
integrated these clinical signs into a multisymptomatic
DSM-5-based rodent model monitoring 1) inability to abstain from
alcohol-seeking, 2) motivation for alcohol and 3) persistent use
despite punishment by electric foot-shock [30, 31]. We observed
substantial behavioral differences in rat sub-populations possessing
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vulnerability and resilience toward alcohol addiction-like behavior.
However, the underlying neuronal mechanisms of AUD vulnerability
or resilience are not yet clear.

In the present study, we aimed to define neurophysiological
correlates associated with an individual’s risk of manifesting AUD-
like behavior in adult rats. We focused on the prelimbic (PL) mPFC
subregion which is thought to play a role in the manifestation of
drug seeking behaviors [2, 32]. We combined whole-cell and field
potential measurements in the PL of rats categorized for their
resilience or vulnerability to AUD-like behavior. Finally, we tested
mGluR2/3 function by performing ex vivo pharmacological
manipulations in PL and its downstream regions such as nucleus
accumbens core (NacC) and basolateral amygdala (BLA). We
hypothesized that unique changes in the PL synaptic profile
would associate with AUD susceptibility.

METHODS AND MATERIALS

Experimental procedures

Experimental procedures are schematically summarized in Fig. 1A and
detailed in supplementary methods. Before alcohol exposure, anxiety-like
behavior and locomotor activity in a novel environment were assessed to
identify potential predictors of the AUD-like phenotypic trait. This was
followed by a prolonged alcohol self-administration period at the end of
which rats were screened for their addiction-like behavior according to the
three DSM-5 AUD-like criteria. Following the final self-administration
session, whole-cell patch-clamp and field potential electrophysiological
recordings were conducted in the rats” prelimbic cortex to explore the
neurophysiological underpinnings of AUD-like behavior. In an additional
experiment we examined PL activity in rats subjected to three footshock
punishment sessions to mitigate potential bias from the footshock sessions
when examining neurophysiological adaptations.

Subjects

A total of 60 (40 SA, 20 controls) male Wistar rats (230-250 g) were housed
in pairs under a 12h reversed light/dark cycle. Food and water were
provided ad libitum. Behavioral experiments were conducted during the
dark phase (ZT12 to ZT15) of the light/dark cycle. Procedures followed the
Swedish National Committee for Animal Research guidelines and approved
by Local Ethics Committee for Animal Care and Use at Gothenburg
University.

Behavioral procedures
Experiment 1. Assessment of behavioral/personality traits prior to alcohol
exposure. Locomotor activity (LMA) in a novel environment was assessed
in a single 60 min session using the open field apparatus and considering
total distance travelled in the first 30 min.

Anxiety-like behavior was evaluated in a five-minute test on the elevated
plus maze (EPM), measuring time spent in open arms and number of open
arm entries.

Experiment 2. Alcohol training and evaluation of the three criteria for AUD-
like behavior. Rats (n = 40) were trained to self-administer ethanol (EtOH
10% on a fixed-ratio 1 (FR1) schedule of reinforcement followed by FR3
and EtOH 15% to sustain higher levels of alcohol responses [33, 34]).
Training sessions lasted 30 min, consisted of two 10 min drug-period
separated by a 10-min no-drug-period [31]. Pressing the active lever during
the drug period resulted in 0.1 ml EtOH delivery, activation of a cue light
above the lever for 5s and a 10's timeout period. Presses on the active
lever during this 10-second timeout period had no consequences and
were recorded as timeout responding. “Inactive” lever responses were
recorded but had no consequence. During the 10-min no-drug period,
signaled by house light activation, pressing the active lever had no
scheduled consequence.

The evaluation of the three criteria for AUD-like behavior was the following:

i. Persistence of response was evaluated daily by measuring active
lever responding during the signaled no-drug 10-min periods and
reported as “fraction pressing”. During the no-drug 10-min periods
the house light was on and pressing the active and/or inactive lever
led to no consequences. For each subject the daily value of lever
pressing was classified as either “pressing” = 1 or “non-pressing” =
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0, based on whether it exceeded the 66th percentile of the
distribution among the entire population for that day averaged over
a span of five days to mitigate fluctuations. We computed the
“fraction pressing” as the algebraic sum of the “pressing” days
expressed in percentage with respect to the total number of days
for each individual rat.

ii. Motivation for alcohol was measured in a single progressive ratio
(PR) schedule of reinforcement session, in which the response
requirement to receive one dose of alcohol was increased as follows:
for each of the first four alcohol deliveries, the ratio was increased by
one; for the next four deliveries the ratio was increased by two; for
all the following deliveries the ratio was increased by four [31].

iii. Resistance to punishment was measured in three consecutive
10 min sessions and we calculated the resistance score (Rs) by
comparing average reward numbers earned in the initial 10 min
across three baseline sessions and three punished schedule sessions
[31]. Here, in a fixed ratio 3 (FR3) schedule of reinforcement, the first
active lever press led to the illumination of a new, different green
cue light stimulus signaling the presence of the shock session. The
second active lever press produced a foot-shock of (0.25 mA, 0.5s).
The third active lever press produced the delivery of alcohol paired
with a 5 s illumination of the cue light above the lever. If animals did
not complete an FR3 within one minute, the green light turned off
and the sequence was reinitiated.

A rat was considered positive for a specific addiction-like criterion when
its behavior score ranked within the top 34% percentile of the distribution.
This criterion was arbitrarily chosen based on seminal work from Deroche-
Gamonet et al. (2004) [30], and considering that an arbitrary change of the
selection threshold from 25 to 40% has minimal effect on individual rat-
group allocation [35]. As a second level of analysis, we measured the
addiction score by calculating the sum of the normalized score (z-score) of
each criterion for each subject [36].

Ex vivo electrophysiology

Following the evaluation of rats’ resistance to punishment, which was the
last addiction-like criteria, rats received at least four additional SA sessions
and were then taken for electrophysiological recordings, approximately
30 min after their last SA session. Water drinking rats, housed in parallel,
were used as controls (ctrl). Ex vivo electrophysiology recordings were
conducted in 250 um thick coronal brain slices containing layer 2/3 of the
PL. Brain slices containing NacC and BLA were used as controls to evaluate
the effects of LY-354740 in downstream regions.

Whole-cell recordings. Layer 2/3 PL pyramidal neurons were visualized
under infrared-differential interference contrast with a Nikon Eclipse FN1
microscope. Recording pipettes (resistance 2.5 to 5.5 MQ) were filled with
internal solution containing (in mM): 135 K-Glu, 20 KCl, 2 MgCl2, 0.1 EGTA, 10
Hepes, 2 Mg-ATP and 0.3 Na-GTP, with pH adjusted to 7.3 with KOH, and
osmolarity to 295 mOsm with sucrose [37]. To record spontaneous excitatory
postsynaptic currents (sEPSCs) in voltage clamp mode, neurons were
clamped at —65 mV using MultiClamp 700B amplifier, digitized at 10 kHz and
filtered at 2 kHz using Clampex. In a subpopulation of neurons, a current
clamp protocol followed the voltage clamp recordings. Current was injected
with a duration of 1000 ms and increasing intensity (intervals of 20 pA) from
—80 to 240 pA to hyperpolarize and depolarize the neuronal membrane.

Field potential recordings. In field potential recordings population spikes
(PS) were evoked with a stimulation frequency of 0.05 Hz in PL, NacC and
BLA [38]. Stimulation electrodes were positioned locally, 0.2-0.3 mm from
the recording electrode (resistance 2.5 to 4.5 MQ), and the amplitude of
evoked PSs were measured. To assess changes in mGluR2/3 signaling,
slices were perfused with the mGIuR2/3 agonist LY-354740 hydrate
(100 nM). To monitor changes in inhibitory tone, slices were treated with
the GABA, receptor antagonist bicuculline-methiodide (bicuculline)
(20 uM). When assessing responsiveness to LY-354740 and bicuculline,
the stimulus intensity was set to yield a PS amplitude approximately half
the maximal evoked response. A stable baseline was observed for 10 min
before the 25 min drug perfusion. To assess changes in release probability
after drug treatment, we used a paired pulse stimulation protocol (0.1 Hz,
50 ms interpulse interval).

Statistics
See supplementary methods.

Neuropsychopharmacology
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Fig. 1 Addiction-like phenotypic traits emerge in a small subset of outbred rats after a long history of alcohol Intake. A Timeline for the
experimental procedures that include behavioral and neurophysiological assessments (Abbreviations: Adapt Adaptation, Handl Handling, LMA
Locomotor activity, EPM Elevated plus maze, 2IABC Intermittent access in a two-bottle choice procedure, SA Self-administration, PR
Progressive ratio, F. shock Foot shock, Rb Rebaseline). B Rats (n = 38) acquired and maintained stable alcohol self-administration levels under a
FR-1 (day 1-9) and fixed ratio-3 (FR-3; day 9-62) schedule of reinforcement. Active lever responding was significantly higher in 3crit rats as
compared to Ocrit,1crit (***p < 0.001), and 2crit rats (**p < 0.01). C Total distribution of animals depending on the criteria met (0-3crit): the
largest proportion of rats fell into the Ocrit group (42,11%) followed by the 1crit group (21.05%), the 2crit group (23.68%) and a small subset
that met all the three criteria 3crit (13,16%). D-F There were significant differences in behavioral performance for each criterion and (G) the
addiction score, particularly between rats that reached none of the criteria (resistant phenotype; Ocrit) and animals that reached all three
criteria (vulnerable phenotype; 3crit), (**p <0.01, ***p <0.001, significant as compared to Ocrit vs 1,2,3 crit rats. *p<0.05, **p<0.01,
##p < 0.001 significant as compared to 1crit vs 0,2,3 crit rats. °p < 0.05, **p < 0.01, ™p < 0.001 significant as compared to 2 crit vs 0,1,3 crit rats).
H Timeout responding per reward earned differed significantly between groups and over time (**p < 0.01, group effect). I Daily alcohol intake
(9/kg) was significantly different between criteria groups (Ocrit vs 1,2,3 crit rats, ***p < 0.001; 1crit vs 0,2,3 crit rats, **p < 0.001; 2crit vs 0,1,3crit
rats, " p < 0.001) and (L) the number of head entries and alcohol rewards correlated significantly.

RESULTS

AUD-like phenotypic traits emerge in a small subset of
outbred rats after a long history of alcohol intake

After prolonged training (>60 SA sessions) (Figs. 1A, B, S1) rats
were scored for the three criteria that model the clinical signs of
loss of control over alcohol drinking. We obtained four distinct
groups of rats based on the number of criteria fulfilled (from Ocrit
to 3crit). The largest proportion of rats fell into the Ocrit group
(42.11%) followed by the 1crit group (21.05%) and the 2crit group
(23.68%). Only a small percentage of animals met all three criteria
(3crit;13.16%) (Fig. 1C). The Ocrit and 3crit rats represented the two
opposite extremes in each of AUD-like criteria tested. Persistence
in alcohol seeking was significant different between groups
(Fz34)=16.64, p<0.001; Fig. 1D, S2). “Fraction Pressing” rates
were low for Ocrit (19.69 + 2.09) and progressively increased across
Tcrit (28.44 +4.99), 2crit (43.33+£6.60), and 3crit (62.50 £6.52)

Neuropsychopharmacology

groups, with 3crit rats exhibiting higher non-reinforced respond-
ing (p<0.001 vs Ocrit and 1crit, p<0.05 vs 2crit). In PR
contingency, motivation for alcohol differed between groups
(F334=14.75, p<0.001; Fig. 1E) with higher levels of active
responding observed in the 3crit rats (161.6 + 22.84) compared to
Ocrit (77.06 +£8.11, p<0.001) and Tcrit (97.13 +£12.40, p <0.001)
rats but not differing from 2crit rats (154.13£6.63, p=ns). In
resistance to punishment resistance scores (Rs) were significantly
different between groups (Fz34) = 6.91; p < 0.001, Fig. 1F). Punish-
ing of operant responding decreased motivation for alcohol more
in the Ocrit (Rs: 31.57£4.97, p<0.001) 1crit (Rs: 56.12+7.67,
p < 0.05) and 2crit group (Rs: 42.57 £ 8.77, p < 0.01) as compared to
3crit group (Rs: 77.59 + 4.24) Fig. 1F). Interestingly, while the other
groups showed reduced responding over time, 3crit rats exhibited
unwavering persistence in lever pressing throughout the three
punished sessions (Fig. S3).

SPRINGER NATURE
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Based on the sum of normalized scores (z-scores) assigned to
each criterion we obtained an addiction score for individual rats
(Fig. 1G) [31, 36]. The addiction score was negative for 0-1crit
groups (Ocrit = —1.88 £ 0.32 and 1crit = —0.07 £ 0.39) and positive
for 2-3crit groups (2crit=1.31+0.33 and 3crit=3.79+0.49)
(F3,34) = 34.85, p <0.001; Ocrit vs 1crit, p < 0.01; Ocrit vs 2crit and
3crit, p < 0.001; 1crit vs 2crit, p < 0.05 and 1crit vs 3crit, p < 0.001;
2crit vs 3crit, p<0.001). A high correlation between addiction
score and distribution of animals within the criteria indicates the
interdependence between these two measures (r=0.8635,
p <0.001).

Daily active lever presses during 10-s timeout periods were used
to examine the inability to withhold inappropriate responses
[39, 40]. Generalized linear mixed model (GLMM) analysis on
timeout responding lever presses normalized by the number of
rewards showed that whilst controlling for rewards earned there is
as significant effect of group (F3, 6g) = 5.66, p < 0.01) and time (F;,
68) = 2632, p<0.001) with respect to inability to withhold
responses. Post hoc analysis showed a significant difference in
timeout responding between the Ocrit and 2crit group (df=68,
t=3.078, p=0.018), and a similar trend was observed between
Ocrit and 3crit (df=68, t=2.457, p=0.079). Additionally, there
was a significant effect of time across all groups (df=68, Ocrit:
t=3.533 p=0.001, Tcritt t=2.038 p=0.045 2critt t=2.625
p=0.011) except for the 3crit rats that nevertheless approached
significance (t=1.904 p=0.061) (total active lever presses
presented in Fig. S4).

Finally, we evaluated the relationship between alcohol intake
(g/kg) and propensity to develop addiction-like behavior. We
found a main effect for the amount of alcohol consumed with
respect to criteria subgroup (F334) =27, p <0.001), with 3crit rats
consuming more compared to the other groups (p<0.001)
(Fig. 11). The number of head entries further correlated with the
number of alcohol deliveries (average last three days) (r=0.75,
p <0.001) (Fig. 1L).

Proximity of rats’ AUD-like behavioral profile in a principal
component analysis

Principal Component Analysis (PCA) was performed to examine
the interdependence between behavioral measures in animals,
focusing on addiction-like criteria and timeout responding. The
first two components explained 83.15% of the total variance, with
PC1 contributing over 60%, making it the most representative
factor (Fig. S5). The factor loadings for persistence in alcohol
seeking (45%), motivation (56%), resistance to punishment (40%)
and timeout responding (57%) were similarly represented in this
component, indicating that it reflects the addiction-like behavior
construct. This finding aligns with previous analyses from studies
employing the 0/3 crit addiction model, where the addiction-like
criteria were inter-related and loaded onto a single factor [30, 41].
PC2 counted only for 22.72% of the total variance with resistance
to punishment being the main criterion represented (73.6%)
(Fig. 2B). PC1 was able to discriminate subjects depending on the
criteria met (Fi334 =29.82, p<0.001), with significant different
coefficient loading between each criteria group (Ocrit vs 1crit,
p <0.01; Ocrit vs 2crit and 3crit, p <0.001; 1crit vs 2crit, p < 0.05
and 1crit vs 3crit, p<0.001; 2crit vs 3crit, p <0.01).While there
were no differences in coefficient loading between the criteria
groups in PC2 (F3 34 = 1.75, p =ns) (Fig. 2C).

Anxiety-like response and exploratory behavior are predictor
traits for alcohol seeking despite punishment

We retrospectively examined predictive relationships between
vulnerability traits assessed prior to alcohol exposure and
subsequent development of AUD-like behavior. Alcohol seeking
despite punishment was the only criteria showing significant
positive correlation with novelty-induced LMA (r=0.50, p < 0.001)
(Fig. 2D). Similar to humans, rats exhibiting high levels of “sensation
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seeking” demonstrated increased alcohol seeking behavior despite
negative consequences [42]. Moreover, we found a negative
correlation between percentage of time spent in the EPM open
arms and resistance to punishment (r = —0.35, p < 0.05) (Fig. 2D).

Selective disruption of glutamatergic synaptic activity in the
prelimbic cortex of an AUD-prone phenotype following
chronic alcohol intake
Electrophysiological whole-cell recordings in voltage-clamp mode
showed a significant effect on sEPSC firing frequency as a function
of criteria met and compared to water drinking ctrl rats
(Fa,04y=4.39, p<0.01) (Fig. 3A). The frequency of spontaneous
events was significantly reduced in 3crit rats compared to ctrl
(p <0.01), Ocrit (p<0.01), Tcrit (p<0.01) but not 2crit (p =0.14)
rats. The sEPSC frequency was indistinguishable between ctrl rats
never exposed to alcohol and those subjected to chronic alcohol
consumption from Ocrit,1crit and 2crit groups (ctrl vs Ocrit,1crit
and 2crit, p=ns). The determined sEPSC frequency correlated with
the individual addiction score (r=-0.43, p<0.05) (Fig. 30),
indicating that PL presynaptic input is directly associated with
the behavioral manifestation of addiction-like criteria. Importantly,
punishment did not influence sEPSC firing frequency as assessed
in a separate batch of animals (n=12) (Fig. S9). Amplitude
(Fa,04)=1.78, p = 0.14) decay time (F4.94) = 1.94, p =0.11) and rise
time (F904)=0.92, p=0.45) of spontaneous events were not
significantly different between ctrl and 0-1-2-3crit rats (Fig. 3B,
Table S1). Absolute values of synaptic transmission, membrane
properties and neuronal excitability of PL glutamatergic neurons
are outlined in the supplementary information (Table S1).
Current clamp recordings were performed to measure intrinsic
excitability of PL-2/3 pyramidal neurons. Input resistance differed
among groups (Fy 64y = 3.63, p < 0.01) with neurons from 3crit rats
presenting higher input resistance compared to ctrl (p <0.05),
Ocrit 1crit and 2crit (p<0.01) rats (Table S1). Differences in
membrane voltage were observed between groups (Fe4) = 4.33,
p <0.01; Ocrit vs 2crit, p <0.05; and 2crit vs 3crit, p < 0.05) while
action potential (AP) threshold was not significantly affected
(Fa,64) = 0.63, p = 0.65) (Table S1). The I-V curve differed between
groups (Fe4y = 3.48, p <0.05) with 3crit rats showing a greater
change in membrane voltage compared to the other groups (ctrl
and Ocrit vs 3crit, p < 0.05; 1crit and 2crit vs 3crit, p < 0.01) (Fig. 4A).
This was accompanied by a trend toward decreased minimum
current necessary to trigger an AP (rheobase: F¢3 =1.99,
p=0.10) and a trend towards increased AP firing (F(464) = 2.38,
p =0.06) (Fig. 4B, C). However, there was no correlation between
the total number of action potential (APn) firing and the rats’
addiction score (r=0.15, p = 0.45) (Fig. 4D).

Neuroadaptations of mGluR2/3 and GABA, receptor signaling
following chronic alcohol intake: phenotype-dependent and
phenotype-independent effects

A loss of mGIuR2/3 function in the mPFC has been related to
escalation of alcohol consumption in rodents, and alcoholism in
humans [13, 43]. Activation of mGIuR2/3 with LY-354740 induced
phenotype-dependent synaptic depression of evoked potentials
in the PL (group: F(4I74):3.19, p<005; time: F(20,1480) = 12208,
p <0.001; time x group: F(20,1480) = 1.98, p < 0.001) (Fig. 5A), with a
reduced response in brain slices from 3crit rats (3crit vs ctrl, Ocrit
and 2crit, p <0.05; 3crit vs 1crit, p <0.01). The blunted response
was further confirmed by no change in release probability in 3crit
rats in response to LY-354740 perfusion, but a significantly
increased PPR in all other groups (aCSF vs LY-354740:
ctrl, p<0.005; Ocrit, p<0.05; Tcrit and 2crit, p<0.01; 3crit,
p=0.18) (Fig. 5B). In addition, the relative suppression of PS
amplitude correlated with rats’ addiction scores (r= —0.4070,
p < 0.05), thereby reinforcing the link between specific PL mGluR2/
3 changes and AUD susceptibility (Fig. 5C). We further observed a
correlation between mGIuR2/3  agonist-induced  synaptic
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depression and sEPSC frequency in voltage-clamp recordings,
suggesting potential PL presynaptic adaptations through both
these parameters (r = —0.53, p < 0.01) (Fig. S6).

Since chronic alcohol is known to affect neurotransmission in
both the PL and its related projections, we also investigated
possible neuroadaptations associated with mGIuR2/3 signaling in
NacC and BLA. Activation of mGIuR2/3 in NacC and BLA showed
comparable synaptic depression of evoked field potentials with no
significant differences between groups (NacC: Fsq)=0.72,
p=0.58; BLAF470 =0.74, p=0.57) (Fig. S7). Given that all
recordings were performed consistently on the same animals
using daily identical procedures, these data suggest that any
phenotype-dependent adaptations within the mGIluR2/3 system
are restricted to the PL and do not extend to downstream regions.

Lastly, possible changes in inhibitory tone were assessed in PL
by bath perfusion of the GABA, receptor antagonist bicuculline.
Disinhibition of evoked potentials induced by bicuculline was
higher in brain slices from all alcohol treated animals compared to
water controls and was concomitant with a reduction in PPR in all
groups (aCSF vs bicuculline: p < 0.001 for ctrl, 0-1-2-3crit) (Fig. 5E, F).
Among alcohol criteria groups bicuculline disinhibited PL output
to a similar extent suggesting that chronic alcohol exposure may
disrupt GABAsR-dependent neurotransmission independently of

Neuropsychopharmacology

an individual’s susceptibility to developing behaviors associated
with AUD (Fig. 5G).

DISCUSSION

Alcohol use disorder stands out as one of the most demanding
areas of unmet medical needs in psychiatry, primarily due to the
elusive nature of its underlying neuronal mechanisms. The
likelihood of developing AUD varies on an individual basis, and
the data presented here demonstrate specific neuronal signatures
correlating with behavioral manifestation of individual vulner-
ability to addiction-like behavior. Our results highlight important
changes in PL glutamatergic synaptic activity and mGluR2/3
receptor signaling associated with the development of AUD-like
behavior.

Parallel to human drug use patterns we found that AUD-like
behavior emerged in only a fraction of subjects which replicated
and strengthened prior findings from our research and that of
others on the propensity to develop AUD-like behavior in rodents
[31, 41, 44]. After prolonged alcohol self-administration, 13% of
the population fulfilled the DSM-5 based addiction criteria
involving persistence in alcohol-seeking when alcohol was not
available, motivation for alcohol and continued drinking despite
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Fig. 3 Spontaneous excitatory neurotransmission of PL layer 2/3 pyramidal neurons is altered exclusively in rats manifesting AUD-like
traits. A Whole cell recordings performed in voltage-clamp mode showed that the frequency of spontaneous events was significantly reduced
in the 3crit rats compared to the ctrl, Ocrit and 1crit rats (**p < 0.01 significant as compared to 3crit vs ctrl, Ocrit and 1crit rats) while (B) the
amplitude of spontaneous events was similar across groups (n=x/y; x: number of recordings/y: number of rats recorded). C The sEPSC
frequency significantly correlated with the addiction score of the recorded rats. D Representative traces showing measured seEPSCs for each
recorded group. Calibration: 1 s, 10 pA. E Photomicrographs of a biocytin-filled pyramidal neuron. Scale bar 200 pm and 40 pm.

punishment. One limitation of our study is that we did not
investigate whether 3crit rats exhibited habitual responding.
Important additional experiments are needed in order to adapt
the 0/3 crit alcohol model to study resistance to extinction and
habit formation which are key process in the field of drug
addiction [45].

Retrospective analysis of traits associated with AUD suscept-
ibility demonstrated a correlation between resistance to punish-
ment and elevated locomotor activity in a novel environment,
coupled with increased time spent in the EPM closed arms.
Hyperlocomotion in a novel environment may be linked to
sensation-seeking traits and predicts psychostimulant but not
opioids use [46]. In humans, heightened sensation seeking
correlates with reduced sensitivity to negative outcomes, poten-
tially explaining our link between response to novelty and
resistance to punishment [47]. We further observed a negative
correlation between percentage of time spent in the EPM open
arms and resistance to punishment, aligning with prior studies on
anxiety disorders and increased alcohol dependence risk [48].
However, to draw a conclusion when examining the relationship
between anxiety-like behavior and prospective alcohol drinking, a
broader array of anxiety tests beyond EPM observations is needed.

The propensity to develop AUD-like behavior related to the
amount of alcohol consumed. Interestingly, these results were not
only corroborated in our previous findings on outbred rats [31],
but are also consistent with the work from Jadhav et al. (2017) [41]
where Wistar rats’ addiction scores correlated with their alcohol
lever presses. Similar findings on Lister Hooded outbred rats
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demonstrated that animals that consumed the highest levels of
alcohol, exhibited higher resistance to punishment during quinine
adulteration [49]. However, other studies, principally conducted in
alcohol-preferring rats, do not link compulsive alcohol seeking to
the drinking history [33, 34, 50]. One possible explanation is that
alcohol-preferring rats, due to their heavy alcohol intake, might
face a ‘ceiling effect’ making it challenging to detect individual
consumption differences linked to the development of AUD-like
behavior. Importantly, high alcohol intake is a major determinant
of alcohol addiction in humans, and associated with fulfilling a
greater number of DSM-IV/5 criteria [51, 52].

In the present study, 3crit AUD-like behavior was specifically
associated with neurophysiological changes in the PL involving
decreased frequency of SEPSCs and enhanced intrinsic excitability
in layers 2/3 pyramidal neurons. This was coupled with an
impairment in mGlu2/3 receptors’ ability to negatively regulate
glutamate release. The changes in glutamatergic transmission
were observed immediately after (~30min) the rats” last SA
session thus they might not reflect later time points. However
other studies have observed comparable PL synaptic changes
immediately after alcohol consumption and after a few days of
withdrawal [53, 54].

Recent research suggests that chronic alcohol exposure can
induce distinct forms of neuronal plasticity when examining
different layers in the rodents” PL [22, 23, 55]. The results of our
voltage-clamp recordings align with earlier observations from
both male and female mice in which excessive alcohol drinking
led to decreased sEPSC firing frequency in PL layer2/3 pyramidal

Neuropsychopharmacology
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Fig. 4 Neuronal excitability of PL layer 2/3 pyramidal neurons is increased exclusively in rats manifesting AUD-like traits. A Whole cell
recordings performed in current-clamp mode showed that the relative change in membrane potential evoked by current injection was
significantly bigger in pyramidal neurons from the 3crit rats as compared to the other groups (3crit vs ctrl, Ocrit, 1crit, 2crit rats, *p < 0.05). B PL
layer 2/3 pyramidal neurons also presented a trend toward reduced rheobase and (C) increased AP frequency in the 3crit rats compared to the
other groups (n = x/y; x: number of recordings/y: number of rats recorded). D The total number of AP (APn) firing did not correlate with the
addiction score of the recorded rats. E Representative traces of current clamp recordings from all groups. Calibration: 200 ms, 10 mV.

neurons [56]. Furthermore, consistent with binge drinking studies
we found no differences in sEPSC amplitude rise time and decay
time between 0-3crit groups and water controls, indicating the
absence of postsynaptic transformations [19, 56]. Changes in
sEPSC frequency suggest possible alterations of presynaptic
neurons from brain regions that project to PL [57, 58]. This might
implicate a dampening of cognitive or behavioral processes that
rely on this brain region increasing the risk of compulsive alcohol
drinking. The reduction in sEPSC frequency correlated with
individual addiction scores, suggesting a direct link between PL
presynaptic activity and AUD-like behavior. Moreover, rats that
self-administered alcohol over a long period but did not fulfil all
AUD-criteria did not differ in sSEPSC frequency from water drinking
controls rats. This highlights the importance of a multicriteria
approach in preclinical alcohol addiction research beyond just
alcohol consummatory behavior to provide a more accurate
representation of the human addiction neurobiological complex-
ities. Importantly, a direct connection between reduced sEPSC
frequency in the PL and AUD is further supported by studies of
synaptotagmin 1 (SYT1), a membrane-trafficking protein playing a
key role in transmitter release [59]. In fact, selective down-
regulation of SYT1 in PL, not only reduces the probability of
transmitter release but also results in escalated alcohol consump-
tion, increased motivation to consume alcohol, and increased
drinking despite negative consequences [2].

In humans, group Il metabotropic glutamate receptors mediate
presynaptic inhibition of excitatory transmission in cortical
pyramidal neurons [60]. Our findings reveal that activation of
mGIluR2/3 induced a weaker synaptic depression in the PL of the
AUD-prone phenotype compared to the other groups, indicating a
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possible loss of function of these receptors. This is partially
supported from analysis of post-mortem tissue from human
alcoholics, showing reduced Grm2 expression, responsible for
encoding metabotropic glutamate receptor2 (mGluR2) [13]. The
association we identified between the amplitude of evoked
potentials and individual addiction scores further supports the
role of mGIuR2/3 in the addiction development process. Dysfunc-
tional mGIuR2 in the medial prefrontal cortex is also linked to the
emergence of cocaine addiction-like behavior, suggesting the
involvement of this receptor system in broader behavioral
manifestation of addiction [61]. We also demonstrated that
impaired mGIuR2/3 signaling in AUD-prone rats was localized to
the PL and absent in downstream regions nucleus accumbens and
basolateral amygdala where mGIluR2/3 agonism-induced synaptic
depression was similar among groups. Importantly, the relative
depression induced by mGIuR2/3 agonist correlated with sEPSC
frequency. It is thus possible that the impaired signaling is
associated with a floor effect, where sEPSC frequency is depressed
to an extent where a further reduction is not possible. Another
possibility could be that extrasynaptic glutamate levels are
increased, resulting in activation of mGIuR2/3, and thus the
agonist may not further activate these receptors. Increased
extrasynaptic glutamate could also contribute to the observed
increase in excitability and is partially supported by studies
monitoring cortical glutamate levels during withdrawal [62].
Long-term alcohol consumptions may also alter intrinsic
neuronal excitability of PL neurons [19, 63] and the data presented
here demonstrate increased input resistance specifically in the
AUD-phenotypic trait accompanied by a trend in reduced cell
capacitance and increased membrane resistance. In addition, 3crit
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Fig. 5 Synaptic depression induced by mGIluR2/3 agonist is suppressed exclusively in rats manifesting AUD-like traits while GABA,R
signaling adaptation is consistent across alcohol-exposed groups. A Synaptic depression induced by the mGIuR2/3 agonist LY-354740 was
significantly lower in the 3crit rats compared to the other groups (3crit vs ctrl, Ocrit, 1crit, 2crit rats, *p < 0.05). B LY-354740 significantly
increased PPR in all groups, apart from the 3crit group (*p <0.05, **p < 0.01, ***p < 0.001). C Suppression of PS amplitude with LY-354740
correlated with the addiction score of the recorded rats. D Example traces based on a mean of 5 traces at baseline and after treatment with LY-
354740 for each treatment group. Calibration: 2 ms, 0.2 mV. E Disinhibition induced by the GABAAR antagonist bicuculline, was significantly
more pronounced in brain slices from rats exposed to alcohol compared to water drinking controls (ctrl vs Ocrit, 1crit, 2crit and 3crit rats,
**p < 0.01). F Bicuculline increased PPR in all groups (***p < 0.001). G PS amplitude of evoked potentials did not correlate with the addiction
score of the recorded rats after bicuculline bath perfusion. H Schematic drawing depicting the area in the PL where recordings were
performed.

rats displayed altered I/V relationships and showed a strong trend In conclusion, using a multi-symptomatic model of addiction,
towards increased AP firing and reduced rheobase, indicating that we demonstrate that neuroadaptations in the prelimbic cortex
the ability of PL pyramidal neurons to generate an AP was occur exclusively in rats manifesting AUD-like traits.

enhanced in rats displaying AUD-like behavior. An increase in To the best of our knowledge this is the first long-term
neuronal excitability might be a factor driving alcohol compulsive voluntary alcohol consumption study in rats, correlating sub-
seeking behavior [20, 64], although future studies are required to dimensions of alcohol-like addictive behaviors, as defined by the
investigate the causal relationship. Intriguingly, neuroimaging DSM-5, with distinct adaptations in prelimbic glutamatergic

studies in human alcoholics have revealed that alcohol-induced neurotransmission. Our findings strive to bridge the translational
adaptations in the mPFC shift this region toward a hyperexcitable gap in alcohol research holding great promise in guiding drug
state, characterized by greater metabolic activity at rest [65]. development efforts aimed at addressing the complexities of
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GABAergic interneurons, reduced spontaneous inhibitory trans-

mission could partially underly the enhanced intrinsic excitability

of the PL pyramidal neurons [20]. However, the GABA, antagonist REFERENCES

bicuculline disinhibited evoked potentials to a similar extent in all 1. Moos RH, Moos BS. Rates and predictors of relapse after natural and treated
alcohol-exposed groups indicating that other intrinsic factors, remission from alcohol use disorders. Addiction. 2006;101:212-22.

such as changes in phosphorylation patterns might play a role 2. Barbier E, Barchiesi R, Domi A, Chanthongdee K, Domi E, Augier G, et al.
[66]. This latter finding, i.e. the consistent disinhibition induced by Downregulation of Synaptotagmin 1 in the Prelimbic Cortex Drives Alcohol-
the GABA, antagonist across all aIcohoI-exposed groups, under- Associated Behaviors in Rats. Biol Psychiatry. 2021;89:398-406.

3. Goldstein RZ, Volkow ND. Dysfunction of the prefrontal cortex in addiction: neu-
roimaging findings and clinical implications. Nat Rev Neurosci. 2011;12:652-69.

4. Chen BT, Yau HJ, Hatch C, Kusumoto-Yoshida I, Cho SL, Hopf FW, et al. Rescuing
cocaine-induced prefrontal cortex hypoactivity prevents compulsive cocaine

scores the presence of phenotypic-independent alterations
in synaptic signaling. This observation way reflects neuronal
adaptations linked to prolonged alcohol exposure that are not

directly related to the expression of AUD-like behavior. However, seeking. Nature. 2013;496:359-62.

to draw a definitive conclusion, further investigation of the PL 5. Seif T, Chang SJ, Simms JA, Gibb SL, Dadgar J, Chen BT, et al. Cortical activation of
inhibitory transmission using the multisymptomatic AUD model is accumbens hyperpolarization-active NMDARs mediates aversion-resistant alco-
warranted. hol intake. Nat Neurosci. 2013;16:1094-100.

SPRINGER NATURE Neuropsychopharmacology



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

. Siciliano CA, Noamany H, Chang CJ, Brown AR, Chen X, Leible D, et al. A cortical-

brainstem circuit predicts and governs compulsive alcohol drinking. Science.
2019;366:1008-12.

. Hoover WB, Vertes RP. Anatomical analysis of afferent projections to the medial

prefrontal cortex in the rat. Brain Struct Funct. 2007;212:149-79.

. Pfefferbaum A, Sullivan EV, Rosenbloom MJ, Mathalon DH, Lim KO. A controlled

study of cortical gray matter and ventricular changes in alcoholic men over a
5-year interval. Arch Gen Psychiatry. 1998;55:905-12.

. Li CS, Luo X, Yan P, Bergquist K, Sinha R. Altered impulse control in alcohol

dependence: neural measures of stop signal performance. Alcohol Clin Exp Res.
2009;33:740-50.

. Goldstein RZ, Leskovjan AC, Hoff AL, Hitzemann R, Bashan F, Khalsa SS, et al.

Severity of neuropsychological impairment in cocaine and alcohol addiction:
association with metabolism in the prefrontal cortex. Neuropsychologia.
2004;42:1447-58.

. Burnett EJ, Chandler LJ, Trantham-Davidson H. Glutamatergic plasticity and

alcohol dependence-induced alterations in reward, affect and cognition. Prog
Neuropsychopharmacol Biol Psychiatry. 2016;65:309-20.

. Kalivas PW, O'Brien C. Drug addiction as a pathology of staged neuroplasticity.

Neuropsychopharmacology. 2008;33:166-80.

. Meinhardt MW, Hansson AC, Perreau-Lenz S, Bauder-Wenz C, Stahlin O, Heilig M,

et al. Rescue of infralimbic mGIuR2 deficit restores control over drug-seeking
behavior in alcohol dependence. J Neurosci. 2013;33:2794-806.

. Yeo RA, Thoma RJ, Gasparovic C, Monnig M, Harlaar N, Calhoun VD, et al. Neu-

rometabolite concentration and clinical features of chronic alcohol use: a proton
magnetic resonance spectroscopy study. Psychiatry Res. 2013;211:141-7.

. Ende G, Hermann D, Demirakca T, Hoerst M, Tunc-Skarka N, Weber-Fahr W, et al.

Loss of control of alcohol use and severity of alcohol dependence in non-
treatment-seeking heavy drinkers are related to lower glutamate in frontal white
matter. Alcohol Clin Exp Res. 2013;37:1643-9.

. Frye MA, Hinton DJ, Karpyak VM, Biernacka JM, Gunderson LJ, Geske J, et al.

Elevated Glutamate Levels in the Left Dorsolateral Prefrontal Cortex Are Asso-
ciated with Higher Cravings for Alcohol. Alcohol Clin Exp Res. 2016;40:1609-16.

. DeFelipe J, Farifias |. The pyramidal neuron of the cerebral cortex: morphological and

chemical characteristics of the synaptic inputs. Prog Neurobiol. 1992;39:563-607.

. Galaj E, Guo C, Huang D, Ranaldi R, Ma YY. Contrasting effects of adolescent and

early-adult ethanol exposure on prelimbic cortical pyramidal neurons. Drug
Alcohol Depend. 2020;216:108309.

. Klenowski PM, Fogarty MJ, Shariff M, Belmer A, Bellingham MC, Bartlett SE.

Increased Synaptic Excitation and Abnormal Dendritic Structure of Prefrontal
Cortex Layer V Pyramidal Neurons following Prolonged Binge-Like Consumption
of Ethanol. eNeuro. 2016;3:0248-16.

Dao NC, Brockway DF, Suresh Nair M, Sicher AR, Crowley NA. Somatostatin
neurons control an alcohol binge drinking prelimbic microcircuit in mice. Neu-
ropsychopharmacology. 2021;46:1906-17.

Salling MC, Skelly MJ, Avegno E, Regan S, Zeric T, Nichols E, et al. Alcohol Con-
sumption during Adolescence in a Mouse Model of Binge Drinking Alters the
Intrinsic Excitability and Function of the Prefrontal Cortex through a Reduction in
the Hyperpolarization-Activated Cation Current. J Neurosci. 2018;38:6207-22.
Kroener S, Mulholland PJ, New NN, Gass JT, Becker HC, Chandler LJ. Chronic
alcohol exposure alters behavioral and synaptic plasticity of the rodent prefrontal
cortex. PLoS One. 2012;7:e37541.

Holmes A, Fitzgerald PJ, MacPherson KP, DeBrouse L, Colacicco G, Flynn SM, et al.
Chronic alcohol remodels prefrontal neurons and disrupts NMDAR-mediated fear
extinction encoding. Nat Neurosci. 2012;15:1359-61.

Kim A, Zamora-Martinez ER, Edwards S, Mandyam CD. Structural reorganization
of pyramidal neurons in the medial prefrontal cortex of alcohol dependent rats is
associated with altered glial plasticity. Brain Struct Funct. 2015;220:1705-20.

Hu W, Morris B, Carrasco A, Kroener S. Effects of acamprosate on attentional set-
shifting and cellular function in the prefrontal cortex of chronic alcohol-exposed
mice. Alcohol Clin Exp Res. 2015;39:953-61.

Alasmari F, Goodwani S, McCullumsmith RE, Sari Y. Role of glutamatergic system and
mesocorticolimbic circuits in alcohol dependence. Prog Neurobiol. 2018;171:32-49.
Spanagel R. Alcohol addiction research: from animal models to clinics. Best Pr Res
Clin Gastroenterol. 2003;17:507-18.

Vengeliene V, Celerier E, Chaskiel L, Penzo F, Spanagel R. Research focus on
compulsive behaviour in animals: Compulsive alcohol drinking in rodents.
Addiction Biol. 2009;14:384-96.

Association AP Diagnostic and statistical manual of mental disorders: DSM-5™,
5th ed. American Psychiatric Publishing, Inc.: Arlington, VA, US; 2013.
Deroche-Gamonet V, Belin D, Piazza PV. Evidence for addiction-like behavior in
the rat. Science. 2004;305:1014-7.

Domi A, Stopponi S, Domi E, Ciccocioppo R, Cannella N. Sub-dimensions of
Alcohol Use Disorder in Alcohol Preferring and Non-preferring Rats, a Com-
parative Study. Front Behav Neurosci. 2019;13:3.

Neuropsychopharmacology

A. Domi et al.

32

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Barbier E, Johnstone AL, Khomtchouk BB, Tapocik JD, Pitcairn C, Rehman F, et al.
Dependence-induced increase of alcohol self-administration and compulsive
drinking mediated by the histone methyltransferase PRDM2. Mol Psychiatry.
2017;22:1746-58.

Giuliano C, Pena-Oliver Y, Goodlett CR, Cardinal RN, Robbins TW, Bullmore ET,
et al. Evidence for a Long-Lasting Compulsive Alcohol Seeking Phenotype in Rats.
Neuropsychopharmacology. 2018;43:728-38.

Giuliano C, Belin D, Everitt BJ. Compulsive Alcohol Seeking Results from a Failure
to Disengage Dorsolateral Striatal Control over Behavior. J Neurosci.
2019;39:1744-54.

Deroche-Gamonet V, Piazza PV. Psychobiology of cocaine addiction: Contribution
of a multi-symptomatic animal model of loss of control. Neuropharmacology.
2014;76:437-49. Pt B

Belin D, Balado E, Piazza PV, Deroche-Gamonet V. Pattern of intake and drug
craving predict the development of cocaine addiction-like behavior in rats. Biol
Psychiatry. 2009;65:863-8.

Domi A, Lucente E, Cadeddu D, Adermark L. Nicotine but not saline self-
administering or yoked control conditions produces sustained neuroadaptations
in the accumbens shell. Front Mol Neurosci. 2023;16:1105388.

Domi A, Domi E, Lagstrom O, Gobbo F, Jerlhag E, Adermark L. Abstinence-
Induced Nicotine Seeking Relays on a Persistent Hypoglutamatergic State within
the Amygdalo-Striatal Neurocircuitry. eneuro. 2023;10:ENEURO.0468-22.2023.
Garcia-Blanco A, Ramirez-Lopez A, Navarrete F, Garcia-Gutiérrez MS, Manzanares
J, Martin-Garcia E, et al. Role of CB2 cannabinoid receptor in the development of
food addiction in male mice. Neurobiol Dis. 2023;179:106034.

Dalley JW, Everitt BJ, Robbins TW. Impulsivity, compulsivity, and top-down cog-
nitive control. Neuron. 2011;69:680-94.

Jadhav KS, Magistretti PJ, Halfon O, Augsburger M, Boutrel B. A preclinical model
for identifying rats at risk of alcohol use disorder. Sci Rep. 2017;7:9454.
Crawford AM, Pentz MA, Chou CP, Li C, Dwyer JH. Parallel developmental tra-
jectories of sensation seeking and regular substance use in adolescents. Psychol
Addict Behav. 2003;17:179-92.

Meinhardt MW, Pfarr S, Fouquet G, Rohleder C, Meinhardt ML, Barroso-Flores J,
et al. Psilocybin targets a common molecular mechanism for cognitive impair-
ment and increased craving in alcoholism. Sci Adv. 2021;7:eabh2399.

Esser MB, Hedden SL, Kanny D, Brewer RD, Gfroerer JC, Naimi TS. Prevalence of
alcohol dependence among US adult drinkers, 2009-2011. Prev Chronic Dis.
2014;11:E206.

Everitt BJ, Robbins TW. Neural systems of reinforcement for drug addiction: from
actions to habits to compulsion. Nat Neurosci. 2005;8:1481-9.

Badiani A, Belin D, Epstein D, Calu D, Shaham Y. Opiate versus psychostimulant
addiction: the differences do matter. Nat Rev Neurosci. 2011;12:685-700.

Xu S, Luo L, Xiao Z, Zhao K, Wang H, Wang C, et al. High sensation seeking is
associated with behavioral and neural insensitivity to increased negative out-
comes during decision-making under uncertainty. Cogn Affect Behav Neurosci.
2019;19:1352-63.

Marquenie LA, Schadé A, van Balkom AJ, Comijs HC, de Graaf R, Vollebergh W,
et al. Origin of the comorbidity of anxiety disorders and alcohol dependence:
findings of a general population study. Eur Addict Res. 2007;13:39-49.

Smeets JAS, Minnaard AM, Ramakers GMJ, Adan RAH, Vanderschuren L, Lesscher
HMB. On the interrelation between alcohol addiction-like behaviors in rats.
Psychopharmacol (Berl). 2022;239:1115-28.

Marchant NJ, Campbell EJ, Kaganovsky K. Punishment of alcohol-reinforced
responding in alcohol preferring P rats reveals a bimodal population: Implications
for models of compulsive drug seeking. Prog Neuropsychopharmacol Biol Psy-
chiatry. 2018;87:68-77.

Rehm J, Anderson P, Gual A, Kraus L, Marmet S, Nutt DJ, et al. The tangible
common denominator of substance use disorders: a reply to commentaries to
Rehm et al. (2013a). Alcohol Alcohol. 2014;49:118-22.

Nieto SJ, Baskerville W, Donato S, Bujarski S, Ray L. Lifetime heavy drinking years
predict alcohol use disorder severity over and above current alcohol use. Am J
Drug Alcohol Abus. 2021;47:630-37.

Siddigi MT, Podder D, Pahng AR, Athanason AC, Nadav T, Cates-Gatto C, et al.
Prefrontal cortex glutamatergic adaptations in a mouse model of alcohol use
disorder. Addict Neurosci. 2023;9:100137.

Trantham-Davidson H, Burnett EJ, Gass JT, Lopez MF, Mulholland PJ, Centanni
SW, et al. Chronic alcohol disrupts dopamine receptor activity and the cognitive
function of the medial prefrontal cortex. J Neurosci. 2014;34:3706-18.

Pleil KE, Lowery-Gionta EG, Crowley NA, Li C, Marcinkiewcz CA, Rose JH, et al.
Effects of chronic ethanol exposure on neuronal function in the prefrontal cortex
and extended amygdala. Neuropharmacology. 2015;99:735-49.

Crowley NA, Magee SN, Feng M, Jefferson SJ, Morris CJ, Dao NG, et al. Ketamine
normalizes binge drinking-induced defects in glutamatergic synaptic transmis-
sion and ethanol drinking behavior in female but not male mice. Neuro-
pharmacology. 2019;149:35-44.

SPRINGER NATURE



A. Domi et al.

10

57. Little JP, Carter AG. Synaptic mechanisms underlying strong reciprocal con-
nectivity between the medial prefrontal cortex and basolateral amygdala. J
Neurosci. 2013;33:15333-42.

58. Llinas R, Ribary U. Consciousness and the brain. The thalamocortical dialogue in
health and disease. Ann N. Y Acad Sci. 2001;929:166-75.

59. Geppert M, Goda Y, Hammer RE, Li C, Rosahl TW, Stevens CF, et al. Synapto-
tagmin I: a major Ca2+ sensor for transmitter release at a central synapse. Cell.
1994;79:717-27.

60. Bocchio M, Lukacs IP, Stacey R, Plaha P, Apostolopoulos V, Livermore L, et al.
Group Il Metabotropic Glutamate Receptors Mediate Presynaptic Inhibition of
Excitatory Transmission in Pyramidal Neurons of the Human Cerebral Cortex.
Front Cell Neurosci. 2018;12:508.

61. Kasanetz F, Lafourcade M, Deroche-Gamonet V, Revest JM, Berson N, Balado E,
et al. Prefrontal synaptic markers of cocaine addiction-like behavior in rats. Mol
Psychiatry. 2013;18:729-37.

62. Hwa LS, Nathanson AJ, Shimamoto A, Tayeh JK, Wilens AR, Holly EN, et al.
Aggression and increased glutamate in the mPFC during withdrawal from inter-
mittent alcohol in outbred mice. Psychopharmacol (Berl). 2015;232:2889-902.

63. Gimenez-Gomez P, Le T, Martin GE. Modulation of neuronal excitability by binge
alcohol drinking. Front Mol Neurosci. 2023;16:1098211.

64. Hopf FW, Bowers MS, Chang SJ, Chen BT, Martin M, Seif T, et al. Reduced nucleus
accumbens SK channel activity enhances alcohol seeking during abstinence.
Neuron. 2010;65:682-94.

65. Seo D, Lacadie CM, Tuit K, Hong Kl, Constable RT, Sinha R. Disrupted ventromedial
prefrontal function, alcohol craving, and subsequent relapse risk. JAMA Psy-
chiatry. 2013;70:727-39.

66. Avchalumov Y, Oliver RJ, Trenet W, Heyer Osorno RE, Sibley BD, Purohit DC, et al.
Chronic ethanol exposure differentially alters neuronal function in the medial
prefrontal cortex and dentate gyrus. Neuropharmacology. 2021;185:108438.

ACKNOWLEDGEMENTS

We thank Rosita Stomberg for technical assistance in the behavioral experiments. This
work is supported by the Swedish Society for Medical Research (SSMF) (grant nr. PD21-
0178), The Swedish Research Council (2020-00559), the Fund for Mental Health
(Stockholm, SE), Lars Hierta Memorial Foundation (grant nr. FO2020-0422, FO2021-0350)
and Wilhelm and Martina Lundgren’s Science Foundation (grant nr: r 2023-GU-4304).

AUTHOR CONTRIBUTIONS

AD, LA designed the experiments. AD and CE carried out the behavioral experiments.
DG, EL, AD, and MP carried out the electrophysiological experiments. AD, DC, EL, FG
performed the data analysis. AD wrote and revised the manuscript, LA contributed in

SPRINGER NATURE

writing the manuscript. LA EJ, ME, BS provided critical comments, assisted with data
interpretation and revised the manuscript. All authors reviewed and approved the
manuscript.

FUNDING
Open access funding provided by University of Gothenburg.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541386-024-01887-2.

Correspondence and requests for materials should be addressed to Ana Domi.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Neuropsychopharmacology


https://doi.org/10.1038/s41386-024-01887-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Pre- and postsynaptic signatures in the prelimbic cortex associated with “alcohol use disorder” in the�rat
	Introduction
	Methods and Materials
	Experimental procedures
	Subjects
	Behavioral procedures
	Experiment 1. Assessment of behavioral/personality traits prior to alcohol exposure
	Experiment 2. Alcohol training and evaluation of the three criteria for AUD-like behavior

	Ex vivo electrophysiology
	Whole-cell recordings
	Field potential recordings

	Statistics

	Results
	AUD-like phenotypic traits emerge in a small subset of outbred rats after a long history of alcohol�intake
	Proximity of rats’ AUD-like behavioral profile in a principal component analysis
	Anxiety-like response and exploratory behavior are predictor traits for alcohol seeking despite punishment
	Selective disruption of glutamatergic synaptic activity in the prelimbic cortex of an AUD-prone phenotype following chronic alcohol�intake
	Neuroadaptations of mGluR2/3 and GABAA receptor signaling following chronic alcohol intake: phenotype-dependent and phenotype-independent effects

	Discussion
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




