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Hippocampal Cofilin and CFL1 gene variants are linked to
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Alcohol use disorder (AUD) is characterized by pathological motivation to consume alcohol and cognitive inflexibility, leading to
excessive alcohol seeking and use. In this study, we investigated the molecular correlates of impaired extinction of alcohol seeking
during forced abstinence using a mouse model of AUD in the automated IntelliCage social system. This model distinguished AUD-
prone and AUD-resistant animals based on the presence of >2 or <2 criteria of AUD, respectively. We used RNA sequencing to
identify genes differentially expressed in the hippocampus, a brain region implicated in alcohol motivation, seeking during
abstinence, and cognitive inflexibility. Our findings revealed differences in the hippocampal genes linked to the actin cytoskeleton
and synaptic function, including cofilin (Cfl), and impaired synaptic transmission in the molecular layer of the hippocampal dentate
gyrus (ML-DG) in =2 criteria mice as compared to <2 crit animals. To complement this data, we conducted local genetic
manipulations in DG. Overexpression of Cfl in the polymorphic layer of the hippocampal dentate gyrus (PoDG) inhibited ML-DG
synapses, increased motivation to seek alcohol and sucrose rewards, impaired extinction of seeking, and decreased reward
consumption during relapse. Reducing Cfl levels had opposite effects. We also identified three SNPs in the human CFL1 gene
(rs369270402, rs2376005, rs36124259) associated with increased AUD risk and found CFL1T mRNA blood levels correlated with
alcohol-related hospital admissions. Overall, our study uncovers a novel mechanism linking hippocampal Cfl expression with AUD
phenotypes and identifies CFLT polymorphisms as AUD risk factor in humans.
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INTRODUCTION biology of complex alcohol-related behaviors, such as compulsiv-

Alcohol use disorder (AUD) is a progressive and debilitating
psychiatric disease characterized by pathological alcohol craving
and motivation to consume alcohol, as well as cognitive rigidity.
This condition results in an excessive focus on alcohol procure-
ment and alcohol use in daily routines [1]. Although AUD is one of
the leading causes of premature deaths globally, pharmacological
interventions aiming to control alcohol misuse are limited, with
significant negative side effects, and therefore infrequently
prescribed and used [2-4]. To identify a new therapeutic approach
to battle AUD, a neurobiology of the disease must be elucidated.
So far most of the molecular studies focused on the quantitative
aspects of alcohol use [5]- several candidate genes and molecular
pathways that affect the amounts of consumed alcohol both in
humans and animals have been identified [6-9]. Moreover, in
recent years an accumulating number of studies focus on the

ity [10-14], cognitive inflexibility [15], or choice between alcohol
and natural rewards [16-18]. Still, the molecular processes that
affect behavioral hallmarks of AUD beyond alcohol consumption
remain poorly understood. To develop a successful prevention
and therapeutic control of AUD progression, the neuronal basis of
all AUD-related behaviors must be recognized.

Here we focused on the molecular correlates of excessive alcohol
seeking induced in the alcohol-predicting context during alcohol
withdrawal. Alcohol seeking during abstinence reflects individual
focus on alcohol procurement and use, as well as cognitive
inflexibility characteristic for AUD patients [1, 19]. Importantly, the
predictive power of drug cues and contexts can be reduced by
repeatedly presenting them in the absence of the alcohol reinforcer,
a process known as extinction. The potential of extinction to limit
relapse has generated considerable interest and research over the
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past few decades [20-24]. The key brain circuits, including the
prefrontal and insular cortices, amygdala, hypothalamus, striatum
and hippocampus [22, 25-30], involved in the process of drug
seeking extinction have been defined, however, the molecular
processes that guide extinction are mostly unknown.

To look for the molecular mechanisms of alcohol seeking and its
extinction, we used a mouse model of AUD that has been
pharmacologically-validated [31-33] and proven to have signifi-
cant translational value [34-36]. The model is based on four DSM-
5 criteria of the disease [1, 31]. (i) Craving, or a strong desire or
urge to use alcohol. We measured motivation to obtain alcohol in
a progressive-ratio schedule. (ii) The subjects spend a great deal of
time in activities necessary to obtain alcohol. We measured the
extinction of alcohol seeking during periods of forced abstinence.
(i) The subject takes alcohol in larger amounts than intended. We
measured alcohol intake during alcohol relapse after abstinence.
(iv) Unsuccessful efforts to control alcohol use. We measured
alcohol seeking induced by alcohol-predicting cues and during
signaled periods of alcohol non-availability. The model allowed us
to distinguish the animals that exhibit consistent AUD-prone
phenotype, as they were positive (uppermost 30% of the
population) in at least two AUD-related tests (= 2 crit mice), and
the AUD-resistant mice that were positive in none or one test (< 2
crit animals). Next, we used the new generation RNA sequencing
(RNA-seq) to characterize differentially expressed genes in the
hippocampus of > 2 crit and < 2 crit animals seeking for alcohol
during alcohol withdrawal. We focused on the hippocampus as
aberrant hippocampal synaptic plasticity is causally linked with
cognitive and motivational aberrations characteristic for AUD,
including drug seeking induced by drug-predicting contexts and
cues [27, 29, 32, 33, 37-39]. In particular, the manipulations that
ablate adult neurogenesis in DG increase drug consumption and
motivation to seek for drugs, as well as invigorate drug seeking
induced by associated cues and contexts [38, 39]. Moreover, the
CA1 area and subiculum have been implicated in drug-induced
place preference and context-induced alcohol and drug seeking
during abstinence [27-29, 37, 40-42]. The molecular processes
that underlie the functions of the hippocampus in extinction of
alcohol seeking during abstinence are still largely unknown.

Our data showed that the variance in the transcriptome
between the < 2 crit and = 2 crit drinkers after alcohol withdrawal
primarily involves hippocampal genes related to the cytoskeleton
and synaptic function, including actin binding molecule, cofilin
(Cfl) [43]. Accordingly, ex vivo electrophysiology was used to
characterize pre- and post-synaptic changes in the hippocampus
of the < 2 crit and = 2 crit mice. We investigated the role of the
hippocampal Cfl in the AUD phenotype using the local over-
expression of Cfl and short hairpin mRNA specific for cfl mRNA
delivered by viral vectors. Finally, we tested the predictive value of
SNPs within the human CFLT gene and blood CFLT mRNA levels
for AUD diagnosis. Overall, our study identifies transcriptomic
differences between the AUD-prone vs -resistant drinkers during
alcohol withdrawal. We also describe a novel mechanism that links
Cfl-regulated synaptic plasticity in the hippocampus with AUD
phenotype characterized by high motivation to seek for alcohol
and impaired extinction of alcohol seeking during withdrawal and
alcohol consumption during relapse. Finally, we identify CFL1
gene polymorphisms as an AUD risk factor and blood CFL1 levels
as a predictor of alcohol-related hospital admissions.

MATERIALS AND METHODS

Mice

Ten-week old female and male C57BL/6J mice were purchased from the
Medical University of Bialystok, Poland. Animals were housed under a 12/
12 hr light/dark cycle in standard mouse home cages with ad libitum
access to water and food. Experiments were approved by the Animal
Protection Act of Poland guidelines and the 1°* Local Ethical Committee in

SPRINGER NATURE

Warsaw, Poland (no. 117/2016, 421/2017, 884/2019). All experiments were
planned to reduce the number of animals used and to minimize their
suffering.

Animal model of AUD in the IntelliCages
The training in the IntelliCage was based on published protocol [31] and
composed of the following phases: initiation of alcohol consumption in
increasing concentrations, free access to 10% alcohol, motivation test,
persistence test, withdrawal, cue relapse and alcohol relapse.

The details of the materials and methods used in the study are in
the Supplementary Materials.

RESULTS

Characteristics of AUD-prone and -resistant mice

To identify AUD-prone and -resistant mice we used a mouse
model of the disease in the social context of IntelliCages [31].
C57BL/6J female mice (n = 58) went through a long-term training
consisting of the introduction of alcohol (4-12%, days 1-12) and
alcohol free access period (FA, days 13-47). During the 4-12% and
FA mice had unlimited access to alcohol in the reward corner.
Alcohol consumption was tightly correlated with blood ethanol
concentration (Supplementary Figure 1). Alcohol availability was
signaled by the cue light presented each time a mouse entered
the corner and each nosepoke in the corner gave access to alcohol
for 5 seconds (fixed ratio 1, FR1). We also assessed behaviors that
resemble DSM-5 criteria for AUD [1, 31]: high motivation to drink
alcohol was measured as a number of nose-pokes in the reward
corner performed in a progressive-ratio schedule of reinforcement
test when mice had to make an increasing number of nosepokes
(FR2, 4, 8, 12, 16, 20, 24, 28...) in order to get access to alcohol for
5seconds (Motivation); excessive alcohol seeking was measured
as number of nosepokes in the alcohol corner when the corner
was inactive and nosepokes had no programmed consequences
(Extinction); reactivity to alcohol-predicting cues was assessed as
nosepokes in the alcohol corner during presentation of the cue
light when alcohol was not available (Cue relapse) [44]; lack of
control over alcohol consumption was assessed as alcohol
consumption (g/kg/day) when the alcohol corner was activated
after withdrawal (Alcohol relapse); while lack of control over
alcohol seeking was measured as the change of nosepokes
number to the alcohol corner during the non-active vs. active
phases of the test (Persistence) (Fig. 1A). AUD score was calculated
as a sum of normalized scores from all AUD tests, and AUD index
as a sum of positive results (top 30%) in all tests [31, 45]. Mice
were distinguished based on the DSM-5 criteria [1, 31]: AUD-prone
drinkers were positive in at least two AUD tests (AUD Index > 2
crit), AUD-resistant drinkers were positive for none or one criterion
(AUD Index < 2 crit). Overall, 38% of the mice were indicated as
AUD-prone drinkers (Fig. 1B).

Retrospective analysis of the mice behavior showed that the > 2
crit group, as compared to the < 2 crit animals, had higher AUD
score as well as scores in all AUD tests (Supplementary Figure 2).
Moreover, AUD index correlated with AUD score (Fig. 1C) and all
AUD-related behaviors (Fig. 1D), but not alcohol consumption or
mice activity (Fig. 1E, F). The paradoxical lack of correlation
between the AUD index and alcohol consumption may stem from
our analysis of daily alcohol consumption throughout the entire
training period. Based on our observations, all mice initially
consume similar amounts of alcohol, but the < 2 crit animals
gradually reduce their alcohol intake over time. The < 2 crit and >
2 criteria mice only begin to differ in alcohol consumption toward
the end of the study. Therefore, we believe that our analysis of
alcohol consumption in mice more accurately reflects the very
early stages of alcohol use in young adults, rather than compulsive
drinking observed in AUD patients.

Interestingly, we did not observe significant correlation
between some AUD behaviors (Fig. 1G, e.g. M vs E, AR and P),
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Fig. 1 AUD-related behaviors of the < 2 crit and = 2 crit drinkers. (A) IntelliCage setup and experimental timeline. Mice (n = 58) were
habituated to the cage, trained to drink alcohol (4-12%) and AUD-related behaviors were tested: motivation to drink alcohol (M), extinction of
alcohol seeking during withdrawal (E), alcohol seeking during cue relapse (CR), alcohol drinking during alcohol relapse (AR), and alcohol
seeking during a persistence test (P). During the periods of free access to alcohol (FA) mice had unlimited access to alcohol (10%). Alcohol
availability was signaled by a cue light in a reward corner. (B) Frequency of < 2 crit and > 2 crit drinkers and (C) Spearman correlations
between AUD Index and AUD score. Nioral = 58, Nap = 12, Napn = 24, Nap = 13, naz =4, Nais =4, nas = 1. (D) Spearman correlations between
AUD Index (Al) and AUD-related behaviors. Each dot on the graphs represents one animal. Linear regression lines + 95% confidence intervals
are shown; Spearman correlation (r) and ANCOVA results are given for raw data. (E, F) Spearman correlations between AUD Index, (E) mice
activity and (F) alcohol consumption during 4-12% and FA phases. Each dot on the graphs represents one animal. Linear regression lines +
95% confidence intervals are shown; Spearman correlation (r) and ANCOVA results are given for raw data. (G) Spearman correlations (r)
between AUD index (Al) and AUD-related behaviors, activity (A) and alcohol consumption (AC). (H) Principal component analysis (PCA) of AUD
behaviors. Each dot on the PCA graph (left) represents one behavioral measure [motivation to drink alcohol (M), extinction of alcohol seeking
during withdrawal (E) and cue relapse (CR), alcohol drinking during alcohol relapse (AR), alcohol seeking during a persistence test (P), activity
(A) and alcohol consumption (AC)]. (right) Proportion of variance explained by PCs.

suggesting that these behavioral traits are independent and Supplementary Table 1), indicating that PC1 represents AUD-like
driven by different neuronal mechanisms. However, all AUD alcohol seeking.

behaviors had positive association with the main factor (PC1) in Thus, the AUD model allowed for the identification of the mice
the principal components analysis (PCA) (Fig. 1H and that demonstrate a AUD-like phenotype and AUD-resistant
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Fig. 2 Transcripts related to cytoskeleton and synaptic function are differentially expressed in the hippocampus of the < 2 crit and = 2
crit drinkers during extinction of alcohol seeking. (A, B) Experimental timeline. Mice were trained to drink alcohol in the IntelliCages (n = 16),
classified as < 2 crit (n =5) and = 2 crit drinkers (n = 5) and sacrificed after a second alcohol extinction test (day 90) (AUD score: t(8) = 3.78,
p = 0.003). Hippocampus tissue was dissected from fresh brains for RNA-seq analysis. (C) A volcano plot illustrating DEGs in the hippocampus
of < 2 crit and 2 2 crit drinkers. Only genes with FDR < 0.05 are shown. (D) Gene ontology analysis of molecular function (GO:MF) and cellular
components (GO:CC) based on the genes deregulated (both up- and downregulated) in the hippocampus of < 2 crit vs. > 2 crit drinkers (FDR
cutoff 0.05). The network shows pathways in nodes. Two nodes are connected if they share 20% or more genes. Darker nodes are more
significantly enriched gene sets while bigger nodes represent larger gene sets. Thicker connection between nodes represents more
overlapped genes. (E) KEGG pathway analysis of the deregulated genes (both up- and downregulated) in the hippocampus of < 2 crit vs. 2 2
crit drinkers (FDR cutoff 0.05). (F) A volcano plot illustrating DEGs from Cytoskeletal protein binding,Tubulin binding and Actin binding nodes
(GO:MF) in the hippocampus of < 2 crit vs. > 2 crit drinkers. (G) Regulation of actin cytoskeleton pathway (KEGG) with indicated DEGs in the
hippocampus of < 2 crit and = 2 crit drinkers. (H) Cofilin (Cfll mRNA levels in the hippocampus of alcohol-naive, < 2 crit and > 2 crit drinkers
(One-way ANOVA, F(2, 11) =6.96, p =0.011). Data are presented as means +/- SEM.

drinkers. As extinction of alcohol seeking during alcohol with-
drawal was a good predictor of AUD phenotype and heavily
loaded on PC1, in the following step we focused on transcriptomic
differences between the < 2 crit and = 2 crit mice following
withdrawal.

Differentially expressed genes in the hippocampus of = 2 crit
and < 2 crit mice during extinction of alcohol seeking

We hypothesized that transcriptomic differences drive the
variance between the < 2 and > 2 crit mice in extinction of

SPRINGER NATURE

alcohol seeking during alcohol withdrawal. To test this hypothesis
16 female mice were trained to drink alcohol in the IntelliCages.
For the molecular analysis ten individuals with the highest (= 2
crit, n=25) and lowest AUD index (< 2 crit mice, n=15) were
selected (Fig. 2A). They differed in AUD score as well as all AUD
behaviors including extinction of alcohol seeking during with-
drawal (Fig. 2B and Supplementary Figure 3). The hippocampus
tissue was collected immediately after the second alcohol
extinction test (day 90, Fig. 2A), total RNA was extracted and
used for a new generation high-throughput RNA sequencing

Molecular Psychiatry



(RNA-seq). We focused on this brain region as the hippocampus
has been implicated in context-induced alcohol and drug seeking
during withdrawal [27-29, 37, 40-42].

The hippocampal transcriptome analysis of > 2 crit and < 2 crit
mice yielded 1107 differentially expressed genes (DEGs); 412
genes were upregulated and 695 downregulated in > 2 crit as
compared to < 2 crit animals (Fig. 2C). Next, the hippocampal
DEGs were classified according to their molecular function (MF)
and cellular component (CC) categories by the gene-ontology
(GO) platform [46]. GO enrichment analysis of DEGs mapped a
large proportion of the genes into the cytoskeletal function
(GO:MF, 102/987 genes, FDR = 5.10E™'?) and synapse localisation
(GO:CC, 191/1465 genes, FDR = 3.20E73%9) (Fig. 2D, Supplementary
Table 2, 3). According to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [47] the synaptic vesicle cycle pathway was the
most differentially expressed (Fig. 2E, Supplementary Table 4) (15/
77 genes, FDR=0.00048). These results indicate that the
reorganization of the cytoskeleton and changes in synaptic
function in the hippocampus may contribute to differences in
extinction of alcohol seeking between the < 2 and > 2 crit mice.

Cfl is upregulated in the hippocampus of the = 2 crit mice
during extinction of alcohol seeking

Among the top DEGs associated with the cytoskeleton function,
we found upregulation of cofilin (Cfl) transcripts in the > 2 crit
mice as compared to < 2 crit animals (Fig. 2F-H) and the Cfl mRNA
levels correlated with alcohol seeking during cue relapse,
extinction test and with AUD index (Supplementary Figure 3D).
Previous studies have shown that Cfl severs actin filaments,
leading to increased actin cytoskeletal dynamics [48]. This
mechanism not only regulates postsynaptic function but also
synaptic vesicle mobilization and exocytosis [49-51]. Additionally,
active Cfl can bind to F-actin and form stable actin rods, which can
impede axonal trafficking [52]. Since RNA-seq analysis suggests
that these processes may be dysregulated in the hippocampus of
> 2 crit mice during alcohol withdrawal (Fig. 2D, E) we chose to
focus on Cfl in the subsequent steps of our study.

To verify distinctive expression of Cfl in the > 2 crit and < 2 crit
groups during extinction test, female mice were trained to drink
alcohol in the IntelliCages. The > 2 crit and < 2 crit animals were
identified and they were sacrificed after 7-day alcohol withdrawal
(extinction, day 90) (Supplementary Figure 4). The brains were
sliced and immunostained with specific antibodies. We analyzed
Cfl levels on the brain slices as integrated mean gray values of the
microphotographs. Significant upregulation of Cfl in the > 2 crit, as
compared to < 2 crit mice, was observed in the dentate gyrus of
the hippocampus (DG), but not CA1 area, basolateral amygdala
(BLA), central nucleus of the amygdala (CeA), nucleus accumbens
(NAc) and caudate putamen (CaPu) (Supplementary Figure 4D, E).

To confirm this observation the experiment was repeated with a
new cohort of female mice. The = 2 crit and < 2 crit mice were
sacrificed during free alcohol access period (alcohol, day 83) or after
7-day extinction test (extinction, day 90) (Supplementary Figure 5,
Fig. 3A and B). We also used alcohol-naive mice as a control. We
focused on the analysis of Cfl in the DG layers: the granule cell layer
(GCL), polymorphic layer of dDG (PoDG), as well as the molecular
layer of GC dendrites (ML) (Fig. 3C). Overall, Cfl levels were increased
in all mice drinking alcohol as compared to alcohol-naive animals.
Furthermore, the levels of Cfl were increased in the ML and PoDG
after extinction test in the > 2 crit mice, as compared to the < 2 crit
extinction animals and the > 2 crit alcohol group (Fig. 3D), and Cfl
levels in all DG strata correlated with alcohol seeking during
extinction and AUD index (Supplementary Figure 5D). Similar
correlation between Cfl levels, Extinction and AUD index was also
observed in male mice sacrificed after Extinction (Supplementary
Figure 5E).

As RNA-seq analysis suggested deregulation of the synaptic
proteins and proteins related to synaptic vesicle cycle in the > 2
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mice (Fig. 2E), we also analyzed colocalization of Cfl with
synaptotagmin 1 (Syt1) (Ca®* sensor in the membrane of the
pre-synaptic axon terminal involved in both synaptic vesicle
docking and fusion with the presynaptic membrane; upregulated
in RNA-seq data, Supplementary Table 2) and PSD-95/Dlg4 (post-
synaptic scaffold protein; upregulated in RNA-seq data, Supple-
mentary Table 2) (Fig. 3E, F). Overall, synaptic Cfl levels (Cfl
colocalizing with Syt1 and PSD-95) were increased in mice
drinking alcohol as compared to alcohol-naive mice. We also
observed increased levels of Cfl colocalized with Syt1 in the ML in
the > 2 crit mice after extinction, as compared to the > 2 crit
alcohol group and the < 2 crit extinction animals (Fig. 3E). There
was no significant effect of the training and AUD on the levels of
Cfl co-localised with PSD-95 (Fig. 3F). Altogether, our analysis
shows that alcohol training upregulates Cfl in DG. Furthermore,
extinction of alcohol seeking upregulates Cfl in PoDG and ML in
the = 2 crit mice as compared to the < 2 group; and the
upregulated Cfl in ML colocalized with the pre- but not post-
synaptic compartments.

Extinction of alcohol seeking impairs ML synaptic function in
= 2 crit mice

To test whether extinction of alcohol seeking induces synaptic
changes in the ML of the > 2 crit mice, we trained a new cohort of
female mice to drink alcohol in the IntelliCages. As previously, > 2
and < 2 crit mice were identified and sacrificed during FA (alcohol)
or after extinction test (Fig. 4A and B, Supplementary Figure 6).
Alcohol-naive mice were used as a control. Field excitatory
postsynaptic potentials (fEPSPs) were recorded to evaluate
synaptic function by measuring input-output and paired-pulse
ratio (PPR) in the ML synapses of acute hippocampal slices when
axons terminating in the ML were stimulated by monotonically
increasing stimuli (Fig. 4Q).

The PPR slope was significantly decreased in the alcohol mice as
compared to alcohol-naive animals, and increased in the > 2 crit
mice sacrificed after extinction test, as compared to the < 2 crit
extinction animals and the = 2 crit alcohol mice (Fig. 4D, E). This
data indicates higher presynaptic release probability in the alcohol
mice, as compared to the alcohol-naives, and lower in the = 2 crit
mice after extinction as compared to other alcohol groups. PPR
slope correlated with alcohol seeking during persistence and
extinction tests and AUD index (Supplementary Figure 6D).
Moreover, the input-output curves for the slope of fEPSP were
increased in the alcohol mice as compared to alcohol-naives, and
decreased in the = 2 crit extinction mice compared to the > 2 crit
alcohol group and < 2 crit extinction mice (Fig. 4F-H), suggesting
more synaptic transmission in the alcohol groups as compared to
alcohol-naive animals, and less synaptic transmission in the > 2
crit extinction mice as compared to other alcohol groups. fEPSP
slope negatively correlated with alcohol seeking during cue
relapse and positively with alcohol consumption during relapse
(Supplementary Figure 6D). We also observed lower fiber volley
(FV) responses in the > 2 crit mice as compared to the alcohol-
naive and < 2 crit animals indicating less activated axons in the >
2 crit mice.

Overall, higher PPR and lower input-output in the alcohol-naive
mice as compared to alcohol-trained animals indicate increased
synaptic function after alcohol training. However, higher PPR and
lower input-output in the > 2 crit mice after extinction test, as
compared to the < 2 crit extinction group and the > 2 crit alcohol
animals, indicate weakening of the ML synapses of > 2 crit mice
during alcohol withdrawal. This process is likely driven by pre-
synaptic changes.

Overexpression of cofilin in PoDG weakens contralateral
synapses in the ML of DG

The main inputs to the ML originate from the entorhinal cortex
and contralateral PoDG (Fig. 4C). As we observed increased Cfl
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levels in PoDG of the > 2 crit mice after extinction (Fig. 3D) we
hypothesized that weakened synaptic transmission in the ML of
the > 2 crit mice after extinction test, as compared to the > 2 crit
mice before extinction, is driven by the increase of presynaptic Cfl
levels in PoDG. To address this hypothesis, alcohol-naive female
mice were unilaterally injected into DG with adeno-associated
viral vectors (AAV,;) expressing cofilin with hemagglutinin tag
(HA) (Cfl) under CaMKIl promoter [53]. This resulted in Cfl
overexpression in the PoDG cells (Cfl_PoDG) ipsilateral to the
injection, and in the PoDG axons in the ML (Cfl_ML) contralateral
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to the injection (Fig. 5A-D). The AAV,; encoding eGFP under
CaMKIl promoter was used as a control. The fEPSPs were recorded
to measure input-output and PPR in the ML while axons
terminating in the ML were stimulated (Fig. 5D).

The PPR, analyzed as slope of fEPSP, was significantly increased
in the Cfl_ML slices, as compared to the eGFP and the Cfl_PoDG
sections (Fig. 5E). The fEPSP slope of the input-output test was
significantly decreased in the Cfl_ML slices compared to the eGFP
and Cfl_PoDG slices. We did not observe the difference in the ML
synaptic strength in the Cfl_PoDG slices compared to the eGFP
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Fig. 3 Cfl is upregulated in DG of the = 2 crit animals during extinction of alcohol seeking. (A, B) Experimental timeline. Mice were trained
to drink alcohol (n = 26) or water (alcohol-naive, n = 8) and AUD-related behaviors were tested. (B) AUD scores were calculated to identify the
< 2 crit vs 2 2 crit drinkers. < 2 crit vs. 2 2 crit mice significantly differed in alcohol seeking during withdrawal (Mann Whitney test, U = 2). Mice
were sacrificed and perfused after free alcohol access period (day 83) or alcohol withdrawal (day 90). The brains were cut and brain sections
immunostained to detect cofilin (Cfl). (C) Schematic representation of the analyzed dDG regions. GCL, granule cell layer; PoDG, polymorphic
layer of DG; ML, molecular layer. (D) The analysis of Cfl fluorescent immunostaining. Representative microphotographs and summary of data
(repeated measures three-way ANOVA with Sidak’s multiple comparisons test, effect of region: F(1,40, 30,8) = 16.6, p <0.001; effect of
phenotype: F(1, 23) = 0.169, p = 0.685; effect of time: F(1, 23) = 7.33, p = 0.013; effect of region x AUD: F(2, 44) = 0.0189, p = 0.981; effect of
region x time: F(2, 44) = 3.36, p = 0.044; effect of phenotype x time: F(1, 23) = 14.2, p =0.001. (E) The analysis of Cfl colocalization with
presynaptic marker, synaptotagmin 1 (Syt1). Representative microphotographs and summary of data (repeated measures three-way ANOVA
with Sidak’s multiple comparisons test, effect of region: F(1.71, 34.3) = 26.3, p < 0.001; effect of phenotype: F(1, 22) = 0.598, p = 0.447; effect of
time: F(1, 22) = 1.88, p = 0.184; effect of region x phenotype: F(2, 40) =0.919, p = 0.184; effect of region x time: F(2, 40) =4.04, p = 0.025;
effect of phenotype x time: F(1, 22) = 11.8, p = 0.002. (F) The analysis of Cfl colocalization with a postsynaptic marker, PSD-95. Representative
microphotographs and summary of data (repeated measures three-way ANOVA, effect of region: F(1.84, 40.5) = 4.59, p =0.018; effect of
phenotype: F(1, 22) = 0.0296, p = 0.865; effect of time: F(1, 22) = 1.34, p = 0.259; effect of region x phenotype F(2, 44) = 0.836, p = 0.440; effect
of region x time: F(2, 44) = 1.27, p = 0.292; effect of phenotype X time: F(1, 22) = 1.06, p = 0.315. Mean + SEM are shown. For B, D-F each dot

on the graphs represents one animal.

sections (Fig. 5F). We also did not observe any effect of the virus
on FV amplitude (Fig. 5F). Thus, overexpression of Cfl in the PoDG
cells decreased the probability of synaptic release and synaptic
transmission in the contralateral PoDG—ML synapses. This
indicates that increased expression of Cfl in the PoDG—ML
synapses is a plausible mechanism that decreases ML synaptic
function in the > 2 crit mice during alcohol withdrawal.

Effects of cofilin in PoDG on AUD-related behaviors and
sucrose seeking

To test whether PoDG Cfl affects AUD-related behaviors, female
mice were bilaterally injected with Cfl or the control eGFP virus.
Two weeks after the surgery the animals started long-term alcohol
training in the IntelliCages (Cfl, n=13; eGFP, n=12). To control
whether the effects of Cfl in PoDG are specific for alcohol reward a
separate cohort of mice was trained to drink sucrose (Cfl, n =15;
eGFP, n = 14) (Fig. 6A). Post-training analysis of the hippocampal
sections showed that PoDG cells expressing Cfl had higher levels
of Cfl and F-actin as compared to the non-transduced cells
analyzed in the same animals [Cfl(-)]. Thus Cfl affected the actin
cytoskeleton (Fig. 6B, C).

Overexpression of Cfl in PoDG increased motivation for alcohol
and sucrose, and impaired extinction of alcohol and sucrose
seeking during withdrawal (Fig. 6D and G). Cfl also decreased
alcohol and sucrose consumption during relapse. It had, however,
no effect on alcohol and sucrose seeking during cue relapse,
persistence test and consumption of alcohol and sucrose during
free access periods (Fig. 6D and G). Furthermore, PoDG Cfl had no
effect on mice general activity in the water corner, total visits,
nosepokes and liquid consumption (Supplementary Figure 7).
Thus our data indicates that Cfl expression in PoDG regulates
extinction of both alcohol and sucrose reward seeking, as well as
reward motivation. As DG is also involved in extinction of aversive
memories [54] these observations may suggest that Cfl in PoDG in
general regulates learning, memory and extinction of all salient
behaviors. To validate this hypothesis we tested if Cfl over-
expression in PoDG affects extinction of contextual fear. We found,
however, no effect of Cfl overexpression neither on contextual fear
memory formation nor extinction (Supplementary Figure 9).
Hence, our data suggests that the effect of Cfl in PoDG is specific
for extinction of behaviors motivated by rewarding stimuli.

Finally, we tested whether slow extinction of alcohol seeking
during abstinence can be improved by depleting Cfl levels in DG.
To this end we used lentiviral vectors (LV) encoding short hairpin
mMRNA specific for cfl (shCfl, n=15) or luciferase as a control
(shLuc, n=14). shCfl significantly decreased Cfl levels in the
transduced cells (Fig. 7A) and, when injected into PoDG,
decreased PPR in ML (Supplementary Figure 10). The viral vectors
were injected in PoDG and 14 days after the surgery mice were
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trained in the IntelliCages (Fig. 7B). During data analysis the shCfl
and shLuc groups were divided into poor and good performers in
each AUD test independently (bottom 70% and top 30% of the
populations, respectively). This decision was motivated by two
observations. Firstly, Cfl levels were upregulated during extinction
only in mice with the highest extinction scores (Fig. 3D). Secondly,
our behavioral analysis revealed that AUD-related behaviors were
largely independent and poorly predictive of one another (Fig. 1G),
suggesting that these behaviors are likely driven by distinct
neuronal mechanisms. shCfl significantly decreased alcohol
seeking of the top 30% groups during the extinction and cue
relapse, and increased alcohol consumption during alcohol
relapse (Fig. 7D). It had, however, no effect on alcohol consump-
tion during free access periods (Fig. 7C and Supplementary
Figure 9C), motivation and persistence of the top 30% group,
performance of the bottom 70% group in all AUD tests (Fig. 7D), as
well as mice activity and performance in the water corner except
for the cue relapse when shCfl mice were in general less active
(Supplementary Figure 9). Hence, our data indicate that Cfl in
PoDG bidirectionally regulates alcohol seeking during abstinence
and alcohol consumption during relapse.

Genome-wide association study (GWAS) of CFL1 gene in AUD
In order to translate animal findings into the human condition we
searched for a potential link between single nucleotide poly-
morphisms (SNPs) in the CFL1 gene with AUD. We used the
coordinates of CFL1 gene from the Ensembl GRCh37 (release 75)
database and extended it by 10KB. We extracted all SNPs and their
corresponding summary statistics for this region. There were 44
SNPs, of which three [rs369270402 (AGAAG:AGAAGGAAG,
Z=12951, P=0.003), rs2376005 (A:G, Z=2.945, P =0.003) and
rs36124259 (C:G, Z = 2.864, P = 0.004)], located in the intron and
resulting in non-coding transcript variant, showed modest
association with enhanced rates of alcohol dependence at the
FDR less than 6.2%. These data suggest that mutations in CFL1
gene contribute to the risk of AUD development in humans.

CFL mRNA expression in AUD

In order to test whether CFL1 blood mRNA levels predict AUD in
humans, we tested CFL1 mRNA expression in a cohort of 183
withdrawal seeking early-abstinent AUD patients from the bi-
centric, cross-sectional, and prospective Neurobiology of Alcohol-
ism (NOAH) study and compared to 197 age-matched healthy
controls (Supplementary table 5). Results show no significant
difference in CFLT mRNA expression in AUD patients, neither at
the hospital admission nor after 5-day detoxification (Supplemen-
tary Figure 11). There were also no sex differences between male
and female AUD patients in blood CFL1 mRNA levels (Supple-
mentary Figure 11). We found no significant correlations between
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Fig. 4 Extinction of alcohol seeking impairs synaptic transmission in the ML of the = 2 crit mice. (A, B) Experimental timeline. Mice were
trained to drink alcohol (n = 42) or water (n = 6) and (B) AUD scores were calculated to identify the < 2 crit vs > 2 crit drinkers. < 2 crit vs. 2 2
crit mice significantly differed in alcohol seeking during withdrawal (Mann Whitney test, U = 2). Mice were sacrificed after the period of free
access to alcohol (day 83) or alcohol withdrawal (day 90). Alcohol-naive mice trained in the IntelliCage were used as a control. (C) Schematic
representation of dDG. Field excitatory postsynaptic potentials (fEPSPs) were recorded in the molecular layer of dDG (ML_dDG) in response to
the stimulation of the axons terminating in the ML: perforant pathway (PP) axons from the entorhinal cortex and axons from the contralateral
polymorphic layer of DG (PoDG). (D-H) The analysis of synaptic responses. (D) Example of PPR traces of fEPSPs with 25 ms interstimulus
interval. (E, right) Summary of data for PPR fEPSP slope recorded for different inter-stimulus intervals (25, 50, 100, 200 ms) (top, repeated
measure two-way ANOVA, effect of stimulation intensity, F(2.29, 86.9) = 21.7, p < 0.001; treatment effect, F(3, 38) = 2.94, p = 0.046; treatment x
stimulation interaction, F(9, 114) = 2.50, p = 0.012). (E, left) Summary of data for PPR fEPSP slope recorded for 50 ms interval (top, two-way
ANOVA with Sidak’s multiple comparisons test, phenotype effect, F(1, 38)=9.56, p=0.004, time effect, F(1, 38)=1.13, p=0.295).
(F) Representative fEPSPs traces evoked by stimuli of different intensities. (G, left) Summary of data for input-output plots of fEPSP slope
recorded in response to increasing intensities of stimulation (repeated measure three-way ANOVA, effect of phenotype: F(1, 37) =18.2;
p < 0.001; effect of time, F(1, 37) = 8.47; p = 0.006). (G, right) Summary of data for fEPSP slope elicited by 300 pA stimulus intensity (two-way
ANOVA with Sidak’s multiple comparisons test, effect of phenotype: F(1, 38) = 15.1, p < 0.001; effect of time: F(1, 38) = 10.5, p = 0.003). (H, left)
Summary of data for fiber volley (FV) amplitude recorded in response to increasing intensities of stimulation (repeated measure three-way
ANOVA, phenotype: F(1, 38) =6.22, p=0.017; time: F(1, 38) =0.162, p =0.689). (right) Summary of data for FV slope elicited by 300 pA
stimulus intensity (two-way ANOVA with Sidak’s multiple comparisons test, effect of phenotype: F(1, 38) = 8.84, p = 0.005; effect of time, F(1,
38) =0.102; p =0.751). Numbers of slices/animals per group are indicated in the legends. Data are presented as means of a group +/- SEM.
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CFL1 blood mRNA levels and biochemical parameters of blood
(including the ones showing liver condition that are important
after chronic alcohol consumption such as AST, ALT, LDH, alcohol
phosphatase, homocysteine, GammaGT) (p <0.05), lifetime or
daily alcohol drinking, scores of Obsessive Compulsive Drinking
Scale (OCDS) or Penn Alcohol Craving Scale (PACS) (Table 1). We
observed, however, that CFLT mRNA levels in the blood collected
after 5-day detoxification predicted the number of alcohol-related
readmissions during 2-year follow-up and days to the first alcohol-
related re-admission (Table 1). These findings indicate that
peripheral cofilin level is not a marker of AUD, however it predicts
alcohol-related readmissions to hospital. Thus overall our study
indicates that peripheral CFL levels in human patients and
hippocampal Cfl in mice predict how individuals will handle
alcohol seeking during abstinence and alcohol use during relapse.
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DISCUSSION

Previous studies linked multiple brain regions, including the
prefrontal and insular cortices, amygdala, hypothalamus, striatum
and hippocampus [22, 25-30], and receptor systems, including
dopamine, opioid, noradrenaline, GABA, glutamate, with extinc-
tion of alcohol and drug seeking [55-58]. Still the molecular
mechanisms that contribute to extinction of alcohol and drug
seeking are mostly unknown. In this study, we characterized
transcriptomic differences in the hippocampus during extinction
of alcohol seeking between mice meeting the criteria for AUD (=2
crit drinkers) and mice consuming alcohol without AUD diagnosis
(<2 crit drinkers). Differential expression of genes associated with
actin cytoskeleton reorganization and the synaptic vesicle cycle
(e.g., Cfl1) in the hippocampus significantly contributed to the
distinction between these phenotypes. Additionally, we observed
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Fig. 5 Overexpression of cofilin in PoDG weakens strength of the contralateral PoDG — ML synapses. (A) Mice received dDG-targeted
unilateral stereotactic injections of AAV encoding cofilin-HA under CaMKIl promoter (Cfl, n = 7), or eGFP as a control (n = 7). (B) Blot shows the
expression of endogenous cofilin in dDG (recognized by a-cofilin antibody), and exogenous cofilin-HA protein (green, detected by a-HA
antibody and as a band shifted upwards on the a-cofilin blot). GAPDH was used as a loading control for WB. (C) Representative
microphotographs of the a-HA and a-cofilin fluorescent immunostaining in PoDG (ipsilateral to virus injection). HA-positive (HA™) and HA-
negative (HA") cells are indicated. (D) Representative microphotographs of a-HA fluorescent immunostaining ipsilateral to virus injection (in
PoDG) and contralateral to injection (in ML). (E, F) The analysis of synaptic responses in ML of the brain slices with eGFP and Cfl (in PoDG or
ML). Field excitatory postsynaptic potentials (fEPSPs) were recorded in ML in response to the stimulation of the axons terminating in ML (see
Fig. 4C). (E) Example of PPR traces of fEPSPs with 25 ms inter-stimulus interval and summary of data for PPR fEPSP slope recorded for different
inter-stimulus intervals (25, 50, 100, 200 ms) (repeated measure ANOVA, effect of stimulation intensity, F(2, 123) = 20.9, p < 0.001; treatment
effect, F(3, 123) = 4.22, p = 0.007; treatment X stimulation interaction, F(6, 123) = 0.306, p = 0.933). (E, right) Summary of data for PPR fEPSP
slope recorded for 50 ms interval (one-way ANOVA with Tukey’s multiple comparisons test, F(2, 29) = 9.33, p < 0.001). (F) Representative fEPSPs
traces evoked by stimuli of different intensities and summary of data for input-output plots of fEPSP slope recorded in response to increasing
intensities of stimulation (repeated measure ANOVA, effect of stimulation intensity, F(12, 372)=63.8, p <0.001; treatment effect, F(2,
31) =291, p = 0.069; treatment X stimulation interaction, F(24, 372) = 2.92, p < 0.001). (F, top right) Summary of data for fEPSP slope elicited
by 300 pA stimulus (one-way ANOVA with Tukey’s multiple comparisons test, F(2, 30) = 6.16, p = 0.006). (F, bottom) Summary of data for fiber
volley (FV) amplitude recorded in response to increasing intensities of stimulation (repeated measure three-way ANOVA, AUD: F(1, 38) = 6.22,
p=0.017; time: F(1, 38)=0.162, p =0.689). (F, bottom right) Summary of data for FV amplitude elicited by 300 yA stimulus intensity
(repeated measure ANOVA, effect of stimulation intensity, F(1,33, 38,6) = 149, p <0.001; treatment effect, F(2, 29) = 0.258, p = 0.774 treatment
x stimulation interaction, F(24, 348) = 0.408, p = 0.995). Data are presented as means +/- SEM. The numbers of analyzed slices are indicated in

the legends.

reduced synaptic function in the dentate gyrus (DG) of >2 crit
drinkers during withdrawal compared to <2 crit animals.
Manipulation of Cfl levels in the polymorphic layer of the dentate
gyrus (PoDG) influenced aspects of the AUD phenotype, including
synaptic function, alcohol motivation, alcohol-seeking behavior
during withdrawal, and alcohol consumption during relapse.
Similar behavioral effects were observed when sucrose was used
as a reward, and the opposite effect when Cfl level was depleted,
suggesting a general role for Cfl in the extinction of reward-driven
behaviors. Furthermore, analysis of human data identified three
SNPs within the CFL1 gene that predicted the AUD phenotype,
and blood CFL1T mRNA levels were found to predict the frequency
of alcohol-related hospital readmissions.

RNA-seq enables the discovery of novel molecular mechanisms
underlying psychiatric disorders. In the context of AUD, extensive
transcriptomic analyses have been conducted using either brain
tissue from AUD patients [59-61] or animals with a history of
alcohol consumption [62-64]. However, these approaches have
significant limitations. When analyzing human tissue, it is not
possible to distinguish between transcripts contributing to the
development of AUD and those altered only during advanced
stages of the disease. Conversely, transcriptomic analyses in
animal models often compare alcohol-exposed animals with
alcohol-naive controls, without diagnosing AUD in the tested
subjects. Such comparisons fail to differentiate transcripts specific
to alcohol exposure from those involved in AUD progression. Here,
we performed the first analysis of transcriptomic differences
between AUD-prone and AUD-resistant animals during extinction
of alcohol seeking. These groups exhibited significant differences
across all tested AUD-related behaviors. We identified over 1000
differentially expressed genes (DEGs) in the hippocampus after
alcohol withdrawal. Notably, we observed differences in the
transcripts associated with cytoskeletal rearrangement, synaptic
function, and the synaptic vesicle cycle.

Several previous studies have linked actin cytoskeleton
rearrangement to AUD [65]. These studies primarily associated
actin cytoskeleton stabilization with sensitivity to ethanol’s
sedative effects [66-68] and ethanol consumption [69]. For
instance, the local deletion of Prosapip? (an actin regulatory
protein) in the nucleus accumbens reduces F-actin levels in
alcohol-treated animals compared to alcohol-treated controls and
decreases alcohol consumption [70]. Conversely, mice lacking Eps8
exhibit increased ethanol consumption, and Eps8-null neurons are
resistant to the actin-remodeling activity of NMDA receptors and
ethanol [67]. Consistent with these findings, we observed that Cfl,
a key regulator of F-actin depolymerization and synaptic
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physiology [70], bidirectionally influences alcohol consumption
during relapse and pre-synaptic activity in ML. Overexpression of
Cfl reduces the strength of glutamatergic synapses and decreases
alcohol consumption, while Cfl knockdown produces the opposite
effects.

The role of actin cytoskeleton in the regulation of AUD-related
behaviors beyond alcohol consumption remains poorly under-
stood. To our knowledge, only one study so far linked actin-
binding protein, Prosapip1, with alcohol seeking and reward [71].
Here we demonstrate that differential expression of the hippo-
campal transcripts related to actin cytoskeleton distinguishes the
> 2 crit and < 2 crit mice during alcohol withdrawal. Specifically,
we show that Cfl expression is increased in the DG of the > 2 crit
mice during alcohol withdrawal and local manipulation of Cfl in
the PoDG bidirectionally affects extinction of alcohol and sucrose
seeking during withdrawal. This phenotype is unlikely to be driven
by altered reward motivation, as the effect on alcohol motivation
is observed only after Cfl overexpression, but not with Cfl
knockdown. It is also improbable that the extinction phenotype
results from altered reward perception, as Cfl manipulations have
opposing effects on reward consumption and extinction of reward
seeking. However, it is possible that Cfl influences cognitive
processes required to update the value of a reward-associated
context. This hypothesis is supported by previous studies showing
that DG inactivation impairs the ability to learn changed
contingencies in previously encountered environments [72-74].
As we do not see the effect of Cfl on extinction of aversive
memories it remains to be established how neuronal mechanisms
underlying extinction of aversive and appetitive memories differ.

Paradoxically, manipulation of Cfl in the PoDG affects reward
seeking and consumption during relapse in opposite directions.
This contradiction likely reflects the complex interplay of multiple
neuronal mechanisms underlying different AUD endophenotypes.
This notion is supported by our observation that AUD-related
behaviors frequently do not correlate with one another, under-
scoring the need for more personalized approaches in AUD
treatment of the patients with different behavioral profiles.

Previously, CFLT has been implicated in neurodegenerative
diseases (e.g., Alzheimer's and Huntington’s diseases) [75],
neuronal migration disorders (e.g., lissencephaly, epilepsy, and
schizophrenia), neural tube closure defects [76], and memory
consolidation during sleep [53]. Mutations in CFL1 have been
linked to impaired neural crest cell migration and neural tube
closure defects [77]. Here, we extend these findings by
demonstrating the role of Cf in regulating core AUD symptoms
in an animal model, identifying CFLT SNPs that contribute to AUD
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Fig. 6 Overexpression of Cfl in PoDG impairs extinction of reward seeking and increases reward motivation. (A) Experimental timelines
and IntelliCage setups. Mice received dDG-targeted bilateral stereotactic injections of AAV2.1 encoding cofilin-HA (n = 26) or eGFP (n = 28).
Mice were trained to drink alcohol (4-12% and Free access) or sucrose (5%) and AUD-related behaviors were tested: motivation to drink
alcohol (M), alcohol seeking during withdrawal (W) and cue relapse (CR), alcohol drinking during alcohol relapse (AR), and alcohol seeking
during a persistence test (P). (B, C) The analysis of cofilin and F-actin levels in PoDG cells. (B) Representative microphotographs of double
immunolabeling with a-HA and a-cofilin, combined with DAPI (nuclear marker) and F-actin fluorescent labeling. (C) Summary of data showing
cofilin (Mann-Whitney U =758) and F-actin levels (Mann-Whitney U =531) in the cells expressing cofilin, or non-transduced PoDG cells
analyzed in the same animals [cofilin(-)]. Cells were detected based on DAPI staining. (D) Summary of data showing individual scores in AUD-
related behaviors: motivation to alcohol (t(24) = 3.09), extinction of alcohol seeking during withdrawal (repeated measures one-way ANOVA,
effect of virus: F(1,16) = 5.84, p = 0.028), alcohol seeking during cue relapse (t(24) = 0.455), alcohol consumption during alcohol relapse
(t(23) = 1.89), persistence in alcohol seeking (t(24) = 2.12) and alcohol consumption during free access periods (t(24) = 0.107). (E) Summary of
data showing individual scores in addiction-related behaviors for mice drinking sucrose: motivation to sucrose (t(27) = 2.61), extinction of
sucrose seeking during withdrawal (repeated measures ANOVA, time x virus interaction: F(6, 162) = 2.39, p = 0.031), sucrose seeking during
cue relapse (t(27) =0.748), sucrose consumption during relapse (t(27) =3.24), persistence in sucrose seeking (t(27)=1.17) and sucrose
consumption during free access periods (t(27) = 0.201). Data are presented as means +/- SEM.

risk, and establishing CFLT blood mRNA levels as a predictor of
hospitalization due to alcohol use. As CFLT SNPs producing non-
coding transcripts and low CFLT mRNA levels are associated with
increased AUD risk and hospitalization our human data align with
animal studies showing increased alcohol consumption during
relapse after Cfl knockdown in the dentate gyrus (DG).

While the effect of actin-binding proteins on alcohol consump-
tion was linked primarily to F-actin stability, the mechanisms by
which they affect other AUD behaviors remain largely unknown. In
this study, we observed that Cfl overexpression in PoDG increased
the paired-pulse ratio (PPR) in contralateral molecular layer (ML)
synapses and decreased the fEPSP slope in input-output tests,

Molecular Psychiatry

indicating impaired ML synapse function likely caused by reduced
presynaptic release probability. Similar physiological changes
were seen in =2 crit mice compared to <2 crit mice following
the extinction test. Thus, increased Cfl levels in the ML of >2 crit
mice likely underlie the synaptic weakening observed during
withdrawal. However, we cannot rule out that Cfl in PoDG also
affects other projections.

In its unphosphorylated, active state, cofilin severs actin
filaments, increasing actin cytoskeletal dynamics [48]. This
mechanism regulates both postsynaptic function and synaptic
vesicle mobilization/exocytosis [49-51]. Active Cfl may also bind to
F-actin, forming stable actin rods that block axonal trafficking [52].

SPRINGER NATURE

11



A. Salamian et al.

12

A shcfl aCofilin DAPI shCfl o.Cofilin
<.001
15000+ -
0
3
©
>
& 10000 |
o
c
@
o
£ 5000
= ‘
E
) $’
o
ol
shCfi(-) shCfl(+)
shLuc: AAV1/2:shLuc_GFP
ShCfl: AAV1/2_shCfl_GFP i
jon-active (nA)
O Water O Alcohol or Sucrose VCue-light [®)
5 N S Reward | O (0) %I hol O active 1)
NE= e =N 4-12% Free Access Motivation | Free Access Extinction |KCue-Relapse Reﬁ:pge Persistence
(M) (E) (CR) AR (P)
surgery Water |O [©) &) ) ) () O\ (AR) @
. N . 3 . 1 1
T L] L T T T T T 1
Days -14-0 1-46 47-52 53-59 60-65 66 67-72 73-75
AUD-related behaviors
goo-DshLuc [ shc 800 1 027 204 150
300 <.001 °* <.001 =y
= <.001 * <
g 6001 __ 008  ° 3 600 = <.001 S 151 02% <
2 .001 2 <.001 0D = o — oS 100
5o 512 So -007 9 © © o® oo
S< 400 014 29 I £2 2004 S5 St
s3 ST 400+ o2 22 104 002 o 53
22 co 2o =35 U 2 o
= =+ = o2 . o. » =
S92 5004 X 0 Lo £ B 52 501
=2 w3 ] *Sse, OZ 100 3 1e & oo
a o S 200 £ .o = 540 o
z s = oo . < ‘1 A z
== 04 o 04 =
g 0 5 5 N ['J | JLeils | 0-
bottom70%  top30% bottom70%  top30% bottom70%  top30% bottom70%  top30% bottom70%  top30%

Fig. 7 Downregulation of Cfl in DG decreases alcohol seeking during extinction and cue relapse, and increases alcohol consumption
during relapse. (A) The analysis of shCfl efficiency. Representative microphotographs of double immunolabeling with «-GFP and a-cofilin,
combined with DAPI (nuclear marker) in the primary hippocampal cells culture, and summary of data showing cofilin levels in the neurons
expressing shCfl (n=21), or non-transduced neurons (n=18) (Mann-Whitney U =32). Cells were detected based on DAPI staining. (B)
Experimental timelines and IntelliCage setups. Mice received dDG-targeted bilateral stereotactic injections of LVs encoding shCfl (n=15) or
shLuc (n = 14). Mice were trained to drink alcohol (4-12% and Free access) and AUD-related behaviors were tested: motivation to drink
alcohol (M), alcohol seeking during withdrawal (W) and cue relapse (CR), alcohol drinking during alcohol relapse (AR), and alcohol seeking
during a persistence test (P). (C, D) Summary of data showing individual scores in alcohol consumption during free access periods (C) and
AUD-related behaviors (D). The animals were divided into two groups (bottom 70% and top 30% of the population) based on their
performance in the tests. A significant effect of shCfl was observed on extinction of alcohol seeking during withdrawal (two-way ANOVA and
LSD post hoc tests, effect of virus: F(1, 25) =8.37, p =0.008), alcohol seeking during cue relapse (F(1, 24) =7.08, p =0.014), and alcohol
consumption during alcohol relapse (F (1, 25)=6.87, p=0.015). We found no effect of shCfl on motivation to alcohol (F(1, 25)=0.141,
p=0.711), persistence in alcohol seeking (F(1, 25) =0.299, p = 0.589) and alcohol consumption during free access periods (F(1, 25) = 3.30,

p =0.081). Data are presented as means +/- SEM.

These processes may explain the impaired ML synapse function
observed in alcohol-naive mice with Cfl overexpression and in =2
crit mice during withdrawal. The role of pre-synaptic compart-
ments in the hippocampus in the regulation of extinction of
alcohol seeking is also supported by our RNA-seq data showing
differential expression of the genes related to axonal projections
and synaptic vesicle cycle between the = 2 crit and < 2 crit mice.
Alternatively, Cfl may impair the DG circuit by inhibiting PoDG
postsynaptic compartments, though this is less likely, as we found
no significant changes in Cfl colocalization with PSD-95 in =2 crit
mice after extinction.

Our findings build on previous studies linking impaired DG
synaptic transmission and morphology to AUD-related behaviors
[32, 33]. Previously, we found that the addicted phenotype is
characterised by the generation of thin (likely immature) dendritic
spines in DG during alcohol withdrawal [32] and the frequency of
silent synapses (lacking functional AMPA receptors) generated
during cue relapse in the ML correlates positively with the AUD
index [32]. Here, we expand these findings by demonstrating Cfl's
role in PoDG in regulating alcohol and sucrose motivation and the
extinction of alcohol and sucrose seeking during withdrawal.
These results also align with earlier studies highlighting the DG's
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role in drug and reward motivation [38, 39, 78]. Moreover,
previous research has implicated DG granule cells in fear memory
extinction and learning contextual contingencies [54, 74, 79].
However, our data suggest that Cfl in PoDG does not affect
contextual fear memory formation or extinction, possibly reflect-
ing functional differences between dorsal DG granule cells and
PoDG mossy cells.

Overall, by combining a multidimensional AUD animal model
with genomic, electrophysiological, and biochemical analyses,
we identified a novel molecular mechanism underlying
increased alcohol motivation and impaired extinction of
alcohol-seeking during withdrawal. This mechanism, specific to
individuals prone to AUD behaviors, involves upregulation of Cfl
at DG presynapses, resulting in weakened synaptic transmission
during alcohol withdrawal. Additionally, we demonstrated the
role of Cfl in alcohol consumption during relapse and identified
three SNPs within the human CFL1 gene that increase AUD risk.
Blood CFL1T mRNA levels were also found to predict the
frequency of alcohol-related hospital admissions in AUD
patients. Collectively, these findings may inform the develop-
ment of novel therapeutic strategies targeting synaptic trans-
mission in AUD patients.
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Table 1. Correlations between blood Cfl mRNA levels and
demographic data in human AUD patients (NOAH study).

r P
Control
Age 0.085 0.224
BMI 0.021 0.768
AUDIT score 0.024 0.744
AUD patients at admission
Age —0.150 0.036
BMI 0.073 0.333
PACS score 0.084 0.257
Lifetime drinking (kg) —0.028 0.733
Daily ethanol intake (kg) —0.102 0.227
Number of alcohol-related readmissions 0.013 0.859
during follow-up
Days to first alcohol-related readmission —0.075 0.297
during follow-up
OCDS score 0.113 0.126
AUD patients after 5-day detoxification
Age —0.109 0.176
BMI —0.026 0.752
PACS score 0.083 0.309
Lifetime drinking (kg) 0.023 0.803
Daily ethanol intake (kg) 0.064 0.489
Number of alcohol-related readmissions —0.244 0.002
during follow-up
Days to first alcohol-related readmission 0.205 0.010
during follow-up
OCDS score 0.138 0.093
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