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The urocortin 1 (UCN1) and cocaine- and amphetamine-regulated transcript (CART) co-expressing 
neurons of the centrally projecting Edinger-Westphal nucleus (EWcp), regulate the function of reward- 
and addiction-related brain areas. EWcp/UCN1/CART neurons highly express the transient receptor 
potential ankyrin 1 (TRPA1) cation channel. We hypothesized that alcohol and its metabolites may 
influence TRPA1 ion channels. We also anticipated that 3-months chronic limited-access voluntary 
alcohol consumption in mice affects EWcp/TRPA1 expression resulting in altered UCN1 and CART 
dynamics and alcohol consumption. Alcohol preference and serum amylase were assessed to 
validate the model. In the mouse EWcp, immunofluorescence targeting UCN1 and CART peptides 
were performed to assess neuronal activation as well as UCN1 and CART peptides content. Mouse 
Trpa1, Cartpt, and Ucn1 as well as human TRPA1 expression was semi-quantified by RNAscope in situ 
hybridization. In silico modelling and computational docking were performed to test the ability of 
alcohol and its metabolites to activate human TRPA1 channels. Alcohol preference gradually declined 
over the course of the study. Alcohol treatment significantly increased serum amylase level and 
proportionally decreased Trpa1, Cartpt, and Ucn1 mRNA expression in the EWcp. Moreover, CART but 
not UCN1 peptide content was also reduced. We demonstrated TRPA1 expression in the human EWcp/
UCN1/CART neurons and provided translational evidence that alcohol and its metabolites activate 
the human TRPA1. We conclude that reduced EWcp/TRPA1 expression may may diminish alcohol 
preference offering novel potential therapeutic target.

Alcohol use disorder (AUD) is a serious public health problem that leads to more than 3 million deaths worldwide 
yearly. Consequences of AUD include mental and behavioral changes as well as mood disorders resulting in 
substantial socioeconomical implications1,2.

The centrally projecting Edinger-Westphal nucleus (EWcp) neurons express several reward-, stress- 
and energy expenditure-related neuropeptides, e.g., cholecystokinin, pituitary adenylate cyclase-activating 
polypeptide and substance P3,4, but the vast majority neurons co-express urocortin 1 (UCN1) and cocaine- and 
amphetamine-regulated transcript peptide (CART)4–6.

Importantly, the EWcp UCN1/CART-expressing neurons project to reward and addiction-related brain areas 
including the ventral tegmental area (VTA), dorsal raphe nucleus (DRN), central nucleus of amygdala (CeA) 
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and the lateral septum (LS)3. All these brain regions express the receptors of UCN1, namely corticotropin-
releasing hormone receptor type 1 and type 2 (CRH1R and CRH2R)7. Among these, the serotonergic DRN 
and the dopaminergic VTA play a crucial role in the development of alcohol abuse8,9. Despite that CART’s 
precise physiological role remains unclear, largely due to the lack of well-defined, specific CART receptors10, 
CART contributes to the regulation of alcohol consumption via the VTA, LH and CeA11,12. Moreover, the EWcp 
UCN1/CART neurons have recently been proven to play role in alcohol and substance-dependence related 
processes3,7,13.

EWcp UCN1/CART neurons are extremely sensitive to alcohol3. They show a dose-dependent marked FOS 
(acute neuronal activation marker)14–17 and FOSB (chronic neuronal activation marker)18,19 response to acute 
and chronic, active and passive (self-administered) alcohol exposure. In line with that, high alcohol-preferring 
mice and rats express significantly higher level of Ucn1 compared to low alcohol-preferring strains20–23. 
Moreover, electrolytic lesion of the EWcp dramatically reduced alcohol preference24,25,.

Despite the large body of literature data on the role of CART in regulating addiction and reward behaviors26,27, 
only few studies investigated the role of EWcp/CART. For instance, CART knockout (KO) mice exhibited lower 
alcohol preference than wild-type mice28, moreover low alcohol-preferring DBA/2J mice show decreased CART 
mRNA and peptide expression in the EWcp compared to alcohol-preferring C57BL/6J mice17. The full UCN1/
CART co-localization in the EWcp, along with their elevated levels in high alcohol preference mice implies a 
shared and significant role in controlling alcohol consumption and associated behaviors.

Transient receptor potential ankyrin 1 (TRPA1) is a non-selective cation channel primarily expressed by 
peripheral nociceptive neurons29–31. TRPA1 activation results in calcium influx, which can initiate several 
signaling processes32, including neuropeptide release33. Only limited knowledge has been accumulated on its 
central role and to the best of our knowledge it has not been studied in relation to alcohol addiction. Some 
articles described the relationship between alcohol and TRPA1, but exclusively in context of pain: One study by 
patch clamp and calcium imaging reported that ethanol directly activates human TRPA1 expressed in human 
embryonic kidney-derived 293 (HEK293)34. Alcohol is metabolized by alcohol dehydrogenase and cytochrome 
P450 (CYP2E1) into acetaldehyde, which is then converted to acetic acid35. Importantly, both acetaldehyde and 
acetic acid can directly human TRPA1 on HEK293 cells, and mouse TRPA1-expressing trigeminal ganglion 
neurons36,37. Notably, acetaldehyde failed to activate other TRP ion channels in sensory neurons36. A recent study 
found that acetaldehyde contributes to ethanol-evoked periorbital mechanical allodynia in mice via TRPA138.

Our research group previously identified EWcp/UCN1/CART neurons as primary site of Trpa1 mRNA 
expression in the mouse brain39 and demonstrated that the absence of a functionally active TRPA1 influenced 
UCN1 content in the EWcp in mouse models of depression39 and posttraumatic stress disorder40. Most recently, 
we proved the functional activity of EWcp /TRPA1 using patch clamp and demonstrated its role in regulating 
UCN1 but not CART in a mouse model of acute alcohol exposure41.

In the present study we aimed at investigating the EWcp/UCN1/CART/TRPA1 neurons in a mouse model of 
chronic alcohol consumption.

Methods
Animals
Twelve-weeks-old male C57BL/6 mice were housed in the animal facility of the Department of Pharmacology 
and Pharmacotherapy, University of Pécs, in a room with controlled temperature and humidity, in standard 
polycarbonate cages (365 mm x 207 mm x 144 mm) at 12-hour light-dark cycles (lights on: 6 a.m.). Standard 
rodent food and tap water were provided ad libitum. Experiments were performed based on animal ethics permit 
(BA02/2000-25/2021) by the Animal Welfare Committee of the University of Pécs and the Scientific Ethics 
Council for Animal Experiments, in accordance with the ARRIVE guidelines and the directives established by 
the European Communities council in 1986, in conjunction with the Law of XXVIII in 1998 governing animal 
care and use in Hungary.

Post mortem human brian samples
Perfusion-fixed human brains tissues were obtained from the Human Brain Research Laboratory, HUN-REN 
Institute of Experimental Medicine (Budapest, Hungary). Three deceased subjects who died of extracranial disease 
and showed no signs of any neurological or mental disorders were used. From each brain, two representative 
sections of the EWcp were subjected to the qualitative morphological study. Perfusion, dissection, sectioning 
were performed as described earlier42. The study received ethical approval from the Regional and Institutional 
Committee of Science and Research Ethics of the Scientific Council of Health (ETT TUKEB 15032/2019/EKU) 
and was conducted in adherence to the principles of the Declaration of Helsinki.

Experimental design
Qualitative morphological and in-silico modelling studies
Representative EWcp sections from post mortem human brains were used to examine TRPA1 expression in 
EWcp/UCN1/CART neurons.

In-silico modelling study was performed to examine the ability of ethanol and its metabolites acetaldehyde 
and acetic acid to bind to activate human TRPA1.
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Semi-quantitative morphological examination of EWcp in chronic alcohol consumption 
model
Mice were assigned into control and treated groups (n = 10). After habituation to 2 drinking bottles in active 
dark period (18:00–06:00), the treated group received one bottle with tap water and one with alcohol diluted 
in tap water. For controls, both were filled with tap water. Mice were free to drink ad libitum according to their 
individual preference. During habituation, alcohol was gradually introduced, starting with a 5% concentration 
in the first and 7.5% in the second week. Subsequently, 10% alcohol was offered for the next three months for 
12 h during the dark period. Mice were sacrificed in the early light phase after the last night of alcohol exposure. 
Eight mice per group were processed for histological studies.

Alcohol preference measurement
To assess alcohol preference, the water and alcohol consumption was measured every 2 weeks for 12 h in the active 
period (18:00–6:00). The alcohol preference was calculated according to the formula: [alcohol consumption (g) / 
(water consumption (g) + alcohol consumption (g))] x 100. The alcohol and water consumption was detected in 
groups to avoid the effect of social isolation on alcohol drinking43.

Perfusion and tissue collection
Animals were euthanized by an intraperitoneal urethan (2.4 g/kg) injection in the between 8 am and 11 am. Mice 
were transcardially perfused, brains were dissected, postfixed, sectioned and stored as previously described42. 
Four representative EWcp sections (from Bregma − 2.92 to − 4.0444 per animal were selected for each staining.

Serum amylase measurement
To validate our model, serum amylase levels were measured from blood samples collected during the prefusion, 
using an automated routine enzymatic colorimetric assay. The assay was performed at an accredited laboratory 
(Department of Laboratory Medicine, Medical School, University of Pécs, Hungary) utilizing the Cobas Pro 
c503 analyzer (Roche Diagnostics GmbH, Mannheim, Germany).

RNAscope in situ hybridization (ISH)
RNAscope ISH was performed to measure the expression of Cartpt, and Ucn1 mRNA in EWcp. The 
pretreatment procedure was optimized for 30 µm-thick PFA-fixed Sect.39. Further steps (probe hybridization, 
signal amplification and channel development) were performed according to RNAscope Multiplex Fluorescent 
Reagent Kit v2 user manual (ACD, Hayward, CA, United States). Mouse Cartpt (ACD; Cat. No.: 432001) and 
Ucn1 probes (ACD; Cat. No.: 466261) were visualized by cyanine 3 (Cy3) (1:3000 for Cartpt) and fluorescein 
(1:3000 for Ucn1) dyes, respectively. Counterstaining was performed by 4’,6-diamidino-2-phenylindol (DAPI) 
(ACD). After washes, slides were covered with ProLong Gold Antifade (Thermo Fisher Scientific, Waltham, MA, 
USA; Cat. number: P10144) medium and stored at -20 °C until digitalization.

RNAscope ISH combined with Immunofluorescence
RNAscope ISH targeting mouse Trpa1 and human TRPA1, combined with UCN1 immunofluorescence were 
performed on mouse and human EWcp samples to confirm the expression of TRPA1 mRNA in human EWcp/
UCN1neurons and to examine the effect of chronic alcohol consumption on Trpa1 expression and UCN1 
content in the mouse EWcp.

Samples were subjected to the RNAscope procedure as described above. Human TRPA1 probe (ACD; Cat. 
number: 837411) and mouse Trpa1 (ACD; Cat. number: 400211) were used and visualized by Cy3 (1:750). After 
the RNAscope procedure, slides were treated with polyclonal rabbit anti-UCN1 antibody (RRID: AB 2315527, 
Cat. No.: ab283503, Abcam) diluted to 1:5000, for 24 h at 24 °C. After 2 × 15 min washes, Alexa 488-conjugated 
donkey anti-rabbit secondary antibody (Jackson Immunoresearch Europe Ltd., Cambridgeshire, United 
Kingdom; Cat. No: 711-545-152, diluted to 1:500) was used for 3 h at 24 °C. Sections were counterstained with 
DAPI (ACD) and covered as described above.

Mouse (ACD; Cat. No: 320881) and human 3-plex (ACD; Cat. No: 320861) positive control probes specific to 
Polr2a mRNA (fluorescein), Ppib mRNA (Cy3) and Ubc mRNA (cyanine 5, Cy5) and 3-plex negative (ACD; Cat. 
No: 320871) control probes to bacterial dabP mRNA were tested on the murine and human EWcp. The 3-plex 
positive control probes gave well-detectable signal in the EWcp, while the negative control probes did not give 
any recognizable fluorescence (images not shown).

Immunofluorescence
Immunofluorescence targeting CART was performed to semi-quantify the peptide content. Sections were 
washed 2 × 15 min with 0.1 M phosphate-buffered saline (PBS), treated with 5% Triton X-100 (Sigma Chemical, 
Zwijndrecht, Netherlands) in PBS for 30  min and blocked with 2% normal donkey serum in PBS. Sections 
were incubated overnight in the primary antibody (anti-CART rabbit antibody (Phoenix H-003-62 (55–102)) in 
1:10.000 dilution) at room temperature. After PBS washes, samples were incubated at room temperature for 3 h 
in mixture of secondary antibody (Cy3-conjugated donkey anti-rabbit (Jackson 711-165-152) in 1:500 dilution. 
After PBS washes samples were mounted on gelatinated slides, air-ried and cover-slipped with glycerol-PBS 
(1:1).

The specificity of the rabbit CART antibody (RRID: AB 2313614 Phoenix Europe GmbH, Karlsruhe, 
Germany) was tested earlier45. In this study, omission or replacement of primary and secondary antibodies by 
non-immune sera abolished labelling.
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Microscopy, digital imaging and morphometry
Samples were digitalized by Olympus FluoView 1000 confocal microscope (Olympus Europe, Hamburg, 
Germany) in analogue mode with sequential scanning. The imaging was performed using 80  μm confocal 
aperture, 3.5 μm optical thickness, 1024 × 1024 pixel resolution and 60x objective. The excitation and emission 
spectra were chosen via built-in setting of the FluoView software (FV10-ASW; Version 0102, Olympus, Europe, 
Hamburg, Germany). DAPI is shown in blue, fluorescein and Alexa 488 in green, Cy3 in red and Cy5 in white. All 
imaging parameters were set and maintained unaltered for imaging of all groups to obtain reliable comparability 
of non-edited images in the morphomertry.

The Trpa1 mRNA signals appeared as scattered, distinguishable fluorescent dots which were counted 
manually in 4–5 EWcp sections per animal. Signal puncta in, 5–10 UCN1/CART neurons per section were 
counted and these values were then averaged as described above.

The UCN1 and CART signals showed a confluent or cluster-like patterns both at mRNA and peptide level. 
As counting of individual fluorescent dots was not possible, the intensity of the fluorescence was measured 
by ImageJ software (version 1.42., NIH, Bethesda, MD) in 5–10 cell bodies using four non-edited images per 
animal. The region of interest was manually determined at cytoplasmic areas of neurons. The signal density 
was corrected for the background signal. The average of the specific signal density (SSD) of 5–10 neurons was 
determined in four sections per animal. The average of these four values represented the SSD value of one 
mouse. The SSD was expressed in arbitrary units (a.u.).

In silico modelling
Structural modelling and computational docking were performed to confirm the ability of alcohol and its 
metabolite to activate human TRPA1 cation channel.

Alcohol, acetaldehyde and acetic acid were built in the 2D sketcher of FITTED46,47 saved as .sdf file and 
converted to .mol2 file with the Convert function. Atomic charges were added, and rotatable bonds were 
identified with Smarts in the graphical user interface of FITTED.

The atomic coordinates of the human TRPA1 cation channel were used from our previous paper48. Briefly, 
the Protein Data Bank (PDB49 structure with PDB code 6pqp50 was used. Chain A was kept of the homotetramer 
structure, the missing residues were homology modelled with SWISS-MODEL51 and the final resultant structure 
was energy minimized with GROMACS48,52. The FITTED built-in target preparatory steps were executed with 
default settings, in Prepare the protein is converted to a .mol2 file, hydrogen atoms are added (if necessary), 
and the amino acid side chain conformations are optimized. In Process the binding site is identified (using the 
original ligand of PDB:6pqp).

The non-covalent and covalent functions of docking in FITTED were used with default settings. Covalent 
warhead was only recognized in the case of acetaldehyde, as expected. C621 was specified as the covalently 
binding amino acid. All three ligands were docked in non-covalent mode, as well. Five docking runs were carried 
out in each case. The results were ranked according to their calculated energy of binding, and only the most 
favorable rank was printed out as a .sdf file.

Statistics
Data from each experimental group were expressed as mean ± standard error of the mean. The datasets were 
tested for normality53 and evaluated using Student t test. Pearson’s and Spearman’s rank tests was also applied to 
search for correlations. Analyses were performed using Statistica 8.0 (StatSoft, Tulsa, OK) software (alpha = 5%).

Results
Model validation
Alcohol preference and serum amylase measurement were performed to confirm the alcohol consumption by 
mice and prove the model validity.

Alcohol preference was higher at the beginning of the experiment and showed a significant proportional 
decline throughout the experimental period (Fig.  1A). We found a significant negative correlation between 
alcohol preference and time in weeks (p = 0.049, Pearson’s r=-0.881). Serum amylase levels were significantly 
higher in alcohol-treated mice compared to the controls (Student t test, p = 0.002; Fig. 1B).

EWcp response in the mouse model of chronic voluntary alcohol consumption
To assess neuromorphological changes in the EWcp in response to chronic alcohol consumption, RNAscope 
ISH targeting Trpa1, Ucn1, and Cart mRNA as well as immunofluorescence targeting UCN1 and CART peptide 
were performed.

Alcohol treatment significantly reduced the number of Trpa1 transcripts in the EWcp/UCN1/CART neurons 
compared to controls (Student t test, p = 0.0001; Fig. 2A).

When assessing UCN1 mRNA and peptide, we found that alcohol treatment did not influence the UCN1 
peptide content significantly (Student t test, p = 0.59; Fig. 2B). However, there was a significantly lower Ucn1 
mRNA expression in the treatment group compared to controls (Student t test, p = 4.26 × 10− 6; Fig. 2C).

Alcohol-treated mice showed significantly lower CART peptide (Student t test, p = 0.026480; Fig. 2D) and 
Cartpt mRNA (Student t test, p = 1.61 × 10− 4; Fig. 2E) content in the EWcp compared to the controls.

A multiple correlation analysis revealed positive correlations between the number of EWcp Trpa1 transcripts 
and the Ucn1 (Spearman’s ρ = 0.645; p = 0.0067; Fig. 3A) as well as Cartpt (Spearman’s ρ = 0.91; p = 8.82 × 10− 7; 
Fig. 3B) mRNA expression, regardless of the treatment conditions. However, the number of Trpa1 transcripts did 
not correlate with the UCN1 (Spearman’s ρ = 0.039; p = 0.89; Fig. 3C) and CART (Spearman’s ρ = 0.46; p = 0.072; 
Fig. 3D) peptide contents.
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Human EWcp expresses alcohol sensitive TRPA1 mRNA
To support the translational relevance of our study, we performed RNAscope ISH targeting human TRPA1 
combined with immunofluorescence both for UCN1 (Fig. 4A-B) and CART (Fig. 4C-D) on a human EWcp 
sections. Furthermore, the co-localization of UCN1 and CART has been also shown in the human EWcp 
(Fig. 4E-G). Indeed, we confirmed the expression of TRPA1 in the human EWcp/UCN1/CART positive neurons.

Moreover, we performed in silico modelling and computational docking study, to confirm the ability of 
alcohol and its metabolite to activate human TRPA1, and to test their possible mode of interaction with human 
TRPA1.

The docking of small ligands acetaldehyde, acetic acid and ethanol to the nucleophilic, agonist binding site of 
TPRA1 (Fig. 5A) was performed as previously48. The covalent binding mode of acetaldehyde (Fig. 5B), and the 
non-covalent binding modes of acetaldehyde, acetic acid and ethanol were produced (Fig. 5C-E). The ligands 
are binding to the intracellular region, in the nucleophilic, agonist binding site (Fig. 5A) characterized by three 
cysteine amino acids, of which C621 is the covalently binding48,54. Only acetaldehyde is capable of forming a 
covalent interaction with C621 through an aldehyde type of covalent bond (Fig. 5B). The calculated energy of 
binding of the covalently bound acetaldehyde is -56.92 kcal/mol, which is ca. three times higher compared to 
the non-covalent energy of binding of all three ligands, that are within the range of -16 to -21 kcal/mol. In the 
non-covalent binding mode acetaldehyde and acetic acid interact with the hydroxyl group of T684, and ethanol 
interacts with the backbone oxygen of Y662. The most favorable calculated energy of binding of acetaldehyde 
agrees well with experimental findings, that acetaldehyde is the strongest agonist out of the three investigated 
ligands.

Discussion
The UCN1/CART/EWcp neurons contribute to the regulation of alcohol consumption, through direct 
neuroanatomical connections to several alcohol and addiction-related brain areas including the VTA, CeA, 
DRN and LS3,13,17,50. High alcohol preference rodents exert elevated EWcp/UCN1 levels21–23, whereas low 
alcohol preference is associated with low EWcp/CART mRNA and peptide levels17. Moreover, reduced alcohol 
intake and preference was observed in CART KO mice28. Furthermore, lesions of the rodent Edinger-Westphal 
nucleus greatly attenuate ethanol preference24,25. However, it is also important to highlight, that the ability of 
EWcp to the regulate alcohol consumption patterns is not limited to the peptidergic CART/UCN1 neurons, as 
the glutamatergic neurons may also contribute56.

Our research group has previously proved the presence of functional TRPA1 ion channels murine EWcp/
UCN1/CART neurons, contributing to modulation of UCN1 turnover in acute alcohol exposure. However, 
neither Cartpt mRNA nor CART peptide content was altered by acute alcohol treatment41. Based on the known 
role of CART in addiction3,13,57, in the present study, we aimed to investigate the EWcp/UCN1/CART/TRPA1 in 
a mouse model of chronic voluntary alcohol consumption.

Numerous animal models exist for studying chronic alcohol exposure, each with limitations58. Based on 
our preliminary experiments testing various alcohol concentrations and protocols, we developed a voluntary 

Fig. 1.  Validation of the mouse model of chronic dark-phase voluntary alcohol consumption. (A) A significant 
negative correlation between alcohol preference and time in weeks, in a 3 months long mouse model of 
dark-phase voluntary (10%) alcohol (ethanol) consumption. ρ = Spearman’s rank correlation coefficient. (B) 
Quantitative evaluation of amylase concentration in the serum of mice, after voluntary consumption of 10% 
alcohol in the dark phase for 3 months. Columns show means ± SEM of serum amylase concentration (U/L) 
(n = 10; **p = 0.001; Student t test).
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limited-access model. We found that mice willingly consumed a 10% ethanol solution without added sugar, 
gradually titrated from 5% over two weeks. This was important as mice often reduce intake of unsweetened 
alcohol58. Our results align with a study showing that C57BL/6J mice prefer unsweetened alcohol over water, 
with preference increasing up to 10% ethanol and declining at higher concentrations59. This was particularly 
important to avoid the known rewarding effect of sugar60. Moreover, to avoid the effect of social isolation on 
alcohol drinking patterns61,62, mice were kept in their own cages, in groups with their littermates. Because AUD 
often develops within a decade or less after drinking initiation63, we maintained the model for 3 months which 
corresponds to approximately 10 years in human64.

At the beginning of the experiment, when the 10% alcohol concentration was offered to the mice, alcohol 
preference was 54.64% and continuously decreased with the time till 35.31% at the end of the experiment. 
Elevated serum amylase level in our treated mice supports the validity of our chronic alcohol consumption 
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Fig. 2.  Response of the mouse centrally projecting Edinger–Westphal nucleus (EWcp) to chronic dark-phase 
voluntary alcohol consumption. (A) Columns show the number of transient receptor potential ankyrin 1 
(Trpa1) mRNA transcripts in the urocortin 1 (UCN1)-expressing neurons of the mice EWcp, after voluntary 
consumption of alcohol (10% ethanol) in the dark phase for 3 months (n = 6; ***p = 0.0001; Student t test). (A′ 
and A″) Representative fluorescence images showing the expression of Trpa1 mRNA (red) by RNAscope in situ 
hybridization and its co-localization with the UCN1 peptide (green) by immunofluorescence, in the EWcp of 
controls and alcohol-treated mice. (B) Columns show UCN1 peptide specific signal density (SSD) in the EWcp. 
(B′ and B″) Representative images illustrate UCN1 peptide (green) immunoreactivity in the EWcp in control 
and alcohol-treated mice. (C) Columns show Ucn1 mRNA SSD in the EWcp (n = 8; ***p = 4.26 × 10− 6; Student 
t test). (C′ and C″) Representative fluorescence images showing the expression of Ucn1 mRNA (green) in the 
EWcp of control and alcohol-treated mice. (D) Columns show cocaine- and amphetamine regulated transcript 
(CART) peptide SSD in the EWcp (n = 8; ***p = 0.026; Student t test). (D′ and D″) Representative fluorescence 
images showing the CART peptide (red) in the EWcp of control and alcohol-treated mice. (E) Columns 
show Cartpt mRNA SSD in the EWcp (n = 8; ***p = 1.61 × 10− 4; Student t test). (E′ and E″) Representative 
fluorescence images showing the expression of Cartpt mRNA peptide (red) in the EWcp of control and 
alcohol-treated mice. For nuclear counterstaining, 4’,6-diamidino-2-phenylindole (DAPI, blue) was used. a.u., 
arbitrary unit.

◂

Fig. 3.  Correlations between Trpa1 mRNA transcripts count with urocortin 1 (UCN1) as well as cocaine- and 
amphetamine regulated transcript (CART) mRNA and peptides content in the centrally projecting Edinger–
Westphal (EWcp) in mouse model of chronic alcohol consumption. A significant positive correlation was 
observed between Trpa1 mRNA count and Ucn1 mRNA (A) as well as Cartpt mRNA specific signal density 
(SSD) (B), after voluntary consumption of 10% alcohol or water (control) in the dark phase for 3 months, 
regardless of the treatment conditions (n = 16). No significant correlations were detected between Trpa1 mRNA 
count and the UCN1 (C) as well as CART (D) peptide SSDs, in the EWcp, after voluntary consumption of 10% 
alcohol or water (control) in the dark phase for 3 months, regardless of the treatment conditions (n = 16). a.u.: 
arbitrary unit; ρ = Spearman’s rank correlation coefficient. Data from control groups are represented by circles, 
while data from alcohol-treated groups are depicted by squares.
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model65–68. Here we hypothesized that the reduction in alcohol preference over the time is attributed at least in 
part to the function of the EWcp/UCN1/CART neurons.

We found that chronic alcohol consumption significantly decreases Trpa1 mRNA expression in EWcp/
UCN1/CART neurons, consistently with acute alcohol exposure41. Alcohol and its metabolites, acetaldehyde 
and acetic acid pass the blood-brain barrier69–71 act as TRPA1 agonists34,36–38,72. Repeated stimulation likely 
downregulated Trpa1, a common adaptive mechanism to sustained receptor activation73 that may modulate the 
excitability and peptide turnover of EWcp/UCN1/CART neurons, potentially influencing alcohol consumption 
pattern.

We have previously demonstrated that acute alcohol treatment reduced EWcp/UCN1 peptide, but not 
mRNA41. However, when assessing EWcp/UCN1 dynamics in chronic alcohol consumption, we observed 
significant Ucn1 downregulation whereas the peptide content did not change, suggesting disrupted UCN1 
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turnover. TRPA1 activation is known to induce peptide release from neurons74–77. We therefore propose that 
downregulation of Trpa1 inhibits UCN1 peptide release from EWcp neurons, which in turn leads to a decrease 
in Ucn1 mRNA expression through negative feedback78–80. Similarly, chronic alcohol treatment significantly 
reduced Cartpt mRNA expression in the EWcp, with a limited reduction in CART peptide content. This is 
consistent with a study showing that chronic maternal ethanol exposure decreases CART expression in the 
developing and adult offspring81. We also found a significant positive correlation between Trpa1 transcripts 
count with the Ucn1 and Cartpt mRNA levels, regardless the treatment conditions, further supporting a role 
for TRPA1 in regulating UCN1 and CART turnover82.The observed differences in the dynamics of UCN1 and 
CART despite their co-localization may suggest peptide-specific regulatory influence of TRPA1 however, further 
research is needed to unveil such mechanisms.

The modulation of UCN1 and CART turnover via TRPA1-dependent mechanisms by alcohol and its 
metabolites in the EWcp, may in turn influence the function of alcohol-sensitive and reward-related downstream 
brain areas (VTA, CeA, DRN and LS) ultimately shaping alcohol consumption patterns3,7,13.This is supported by 
the continuous decline in alcohol preference over the time associated with a lower Ucn1 and Cartpt levels. This is 
in agreement with several studies showing reduced EWcp Ucn1 and Cartpt in low alcohol preference rodent strai
ns17,21–23,28,83. More recently, Pearl et al. (2025) demonstrated that inhibiting EW/CART neurons reduces alcohol 
intake, further underscoring their role in alcohol consumption regulation84.The alcohol-induced response in 
EWcp was postulated to be a result of signaling via GABA-A receptors, modified by α2A/D-adrenoceptors and 
dopamine receptors20, we propose that TRPA1 may also contribute41.

The translational relevance of the present findings was supported by showing TRPA1 mRNA in human EWcp 
in both UCN1 and CART-immunoreactive neurons, furthermore, using ultrasensitive RNAscope ISH technique 
combined with immunofluorescence we provided evidence that in line with mice3, UCN1 and CART are co-
localized in the human EWcp also. Moreover, using in silico modelling and computational docking techniques 
further confirmed that alcohol and its metabolites bind to and activate human TRPA1.

There is no study without limitations. Because EWcp/UCN1/CART neurons express estrogen receptor beta 
and estrus cycle-related hormonal fluctuations modulate UCN1 levels, we recruited exclusively male mice in 
our study85,86. Because, as of today, no reliable TRPA1 antibody is available87,88, we were unable to support our 
findings at protein level. In vivo pharmacological manipulation of TRPA1 was not feasible due to the lack of 
information on the safety and pharmacokinetic profiles of selective agonists and antagonists89.

With respect to the limitations, we conclude that the progressive reduction in alcohol preference during 
chronic voluntary alcohol consumption is associated with a significant and proportional decrease in Trpa1, 
Ucn1, and Cartpt mRNA expression in the EWcp, with reduction inCART but not UCN1 peptides content. 
Hence, we propose that the alcohol-induced downregulation of EWcp/Trpa1 inhibits both UCN1, and to a lesser 
extent, CART release. This ultimately modulates through several downstream alcohol-sensitive and reward-
related brain areas the alcohol preference. We also proved that TRPA1 is expressed in the human EWcp/UCN1/
CART neurons, and that alcohol and its metabolites can directly activate human TRPA1. These findings suggest 
that EWcp/TRPA1 may regulate alcohol consumption behavior also in the human. Pharmacological intervention 
at TRPA1 may therefore represent a promising therapeutic strategy for AUD.

Fig. 4.  Transient receptor potential ankyrin 1 (TRPA1) mRNA expression in the CART/UCN1 cells of the 
human centrally projecting Edinger-Westphal nucleus (EWcp). (A) Representative confocal image shows the 
expression of TRPA1 mRNA (red) and its co-localization with the urocortin 1 (UCN1) peptide (green) in the 
human EWcp. (B) A Z projection of 18 confocal frames showing the left boxed cell in (A). (C) Representative 
confocal image of two CART-immunoreactive (green) cells in the human EWcp that express TRPA1 mRNA 
(red). (D) Z projection of confocal images taken in the area shown in (C). (E) Low power magnification 
representative confocal image of the human EWcp area in the ventral periaqueductal gray upon CART 
immunofluorescence (green) and RNAscope in situ hybridization for UCN1 mRNA (red). (F) The boxed area 
of the peptidergic cells in (E) is depicted in higher magnification. (G) A group of cells boxed in F is shown in a 
high power magnification confocal image. Note, that all CART immunorective (green) cells also contain UCN1 
mRNA, confirming their co-expression in the human EWcp. Nuclear counterstaining was performed with 4′,6- 
diamidino-2-phenylindole (DAPI, blue in all panels).

◂

Scientific Reports |         (2026) 16:2726 9| https://doi.org/10.1038/s41598-025-32429-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 5.  Molecular interactions of alcohol and its metabolite with the human transient receptor potential 
ankyrin 1 (TRPA1) cation channel. (A) The human TRPA1 cation channel (grey cartoon) in complex with 
acetaldehyde (teal spheres) in the nucleophilic, agonist binding site. (B) A close-up of acetaldehyde covalently 
binding to C621 in the nucleophilic, agonist binding site. (C–E) The close-up of the non-covalent binding 
modes of acetaldehyde, acetic acid, and ethanol, respectively. The binding modes are shown as teal all atom 
representation balls and sticks, interacting amino acids are shown as grey sticks and labeled accordingly to 
PDB:6pqp, the rest of the binding site is shown as grey cartoon.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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