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A B S T R A C T

Epidemiological data indicate a strong association between alcohol use disorder (AUD) and neuropathic pain. 
Genetically-selected Marchigian Sardinian alcohol-preferring (msP) rats exhibit a high preference for alcohol 
compared with their background strain (Wistar rats), but their sensitivity to mechanical allodynia after chronic 
alcohol exposure is unknown. The present study compared the development of mechanical allodynia between 
“low, non-pathological drinker” Wistar rats and “high drinker” msP rats using the two-bottle choice (2BC) free- 
access procedure. Several studies reported the involvement of endocannabinoids (eCBs) in modulating me
chanical allodynia, but there are no data on their role in alcohol-related allodynia. Thus, the present study 
assessed eCBs and their related lipid species in lumbar dorsal root ganglia (DRG) and correlated them with 
mechanical allodynia in our model. We found that male and female msP rats developed persistent mechanical 
allodynia during protracted abstinence from alcohol, presenting no sign of recovery, as opposed to Wistar rats. 
This effect directly correlated with their total alcohol intake. Notably, we found a correlation between lower 
lumbar DRG 2-arachidonoylglycerol (2-AG) levels and the development of higher mechanical allodynia during 
abstinence in msP rats of both sexes but not in Wistar rats. Moreover, alcohol-exposed and abstinent msP and 
Wistar females but not males exhibited significant alterations of thromboxane B2 and prostaglandin E2/pros
taglandin D2 compared with naive rats. These findings demonstrate that DRG 2-AG metabolism is altered in msP 
rats during prolonged abstinence and represents a potentially interesting pharmacological target for the treat
ment of mechanical allodynia during alcohol abstinence.

1. Introduction

Epidemiological data indicate a strong association between alcohol 
use disorder (AUD) and neuropathic pain [1], which usually worsens 

during alcohol withdrawal [2–6]. Neuropathic pain is a form of chronic 
pain that is induced by damage to the somatosensory system, in which 
mechanical allodynia is a main symptom. Mechanical allodynia is 
defined as an innocuous mechanical stimulus that becomes painful [7]. 
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Preclinical studies in both rats [8,9] and mice [10–12] found an asso
ciation between chronic alcohol consumption and the development of 
mechanical allodynia. The current clinical approach to relieving the 
pain caused by chronic alcohol consumption is based on lifestyle 
changes (i.e., discontinuation of alcohol consumption; B vitamins diet 
supplementation) or on a pharmacological approach using drugs to treat 
symptoms associated with neuropathic pain, such as antidepressants 
(TCA or SNRIs) or anticonvulsants (gabapentin or pregabalin) [13]. 
However, these therapeutic interventions are only symptomatic and do 
not repair the damage caused by alcohol. As a result, there is a need to 
understand what mechanisms are involved in this form of neuropathy, to 
seek effective long-term therapies able to reduce symptoms and repair 
the damage caused by alcohol.

Genetically selected Marchigian Sardinian alcohol-preferring (msP) 
rats exhibit a high preference for alcohol, characterized by binge-like 
drinking behavior and leading to pharmacologically relevant blood 
alcohol levels. The msP rats are also highly sensitive to stress and present 
an anxiety-like phenotype compared with other rat strains, including 
their background strain (Wistar rats) [14–19], but their sensitivity to 
mechanical allodynia after chronic alcohol exposure is unknown. More 
than half of AUD patients experience significant persistent pain, with a 
higher prevalence in women (~60 %) than in men (~50 %) [20]. 
Notably, sex differences in AUD and chronic pain represent an important 
gap in knowledge that needs to be addressed. Thus, the present study 
investigated the development of mechanical allodynia that is associated 
with alcohol consumption in msP and Wistar rats of both sexes to assess 
potential sex differences. The overall aim of this study was to compare 
the development of mechanical allodynia between “low, non-
pathological-drinker” Wistar rats and “high-drinker” msP rats. We used 
the two-bottle choice (2BC) free-access procedure, a well-characterized 
model of voluntary alcohol drinking, in which msP rats exhibit signifi
cantly higher alcohol intake and preference compared with Wistar rats 
[21]. We then assessed the development of allodynia using the von Frey 
test in three different conditions—before starting drinking (baseline), 
immediately after alcohol intake (alcohol), and 26 days after the last 
alcohol intake (protracted abstinence)—in both male and female rats. 
msP rats develop a higher preference for alcohol because of aberrations 
in brain stress signaling, indicated by the overexpression of 
corticotropin-releasing factor 1 (CRF1) receptors [12,22,23].

Previous studies report that msP rats exhibit disrupted endocanna
binoid (eCB) signaling in several brain regions [24]. In addition, phar
macological modulation of the eCB system with cannabinoid 1 (CB1) and 
CB2 receptor-selective agonists [25,26] is largely investigated and 
employed in preclinical [27] and clinical [28,29] studies for the treat
ment of different forms of neuropathic pain. Exogenous natural CB re
ceptor agonists (e.g., Δ9-tetrahydrocannabinol) or synthetic CB receptor 
agonists and inverse agonists [30] can cause possible side effects. 
Therefore, the development of pharmacological tools currently focuses 
on the inhibition of enzymes that are responsible for eCB degradation, 
such as fatty acid amide hydrolase (FAAH), which metabolizes anan
damide (AEA), and monoacylglycerol lipase (MAGL) and α,β-hydrolase 
6 (ABHD6), which hydrolyze 2-arachidonoylglycerol (2-AG) [31–39]. 
Given that 2-AG and AEA are involved in neuropathic pain modulation, 
along with other non-cannabinoid bioactive N-acylethanolamides 
(NAEs), such as palmitoylethanolamide (PEA) [39–41] and oleoyletha
nolamide (OEA) [42], exploring their role in alcohol-related allodynia 
may represent a novel therapeutic strategy.

Although several studies reported the involvement of eCB and 
congener lipids in modulating mechanical allodynia in various models of 
neuropathy [43–47], there are no data on their role in alcohol-related 
allodynia in msP rats or their role in alcohol-induced toxicity in the 
peripheral nervous system. Thus, we assessed eCBs and their related 
lipid species in the lumbar dorsal root ganglia (DRG) in msP and Wistar 
rats and correlated them with mechanical allodynia in our model. Pri
mary sensory neurons and immune cells (i.e., satellite glia, macro
phages) in DRG are key components in the development of neuropathic 

pain [48].
The goal of the present study was to assess whether alcohol intake 

produces alterations of lipid mediators in lumbar DRG in genetically- 
selected high alcohol-drinking msP rats compared with low-drinker 
Wistar control rats during alcohol intake and prolonged abstinence, 
and whether there were specific sex differences in the eCBs.

2. Materials and methods

2.1. Animals

We used a total of 100 rats. Adult male (n = 28, ~450 g) and female 
(n =21, ~250 g) msP rats were bred at The Scripps Research Institute 
(La Jolla, CA, USA). Adult male (n =26, ~450 g) and female (n =25, 
~350 g) Wistar rats (the genetic background for msP rats) were pur
chased from Charles River Laboratories (Wilmington, MA, USA). Ani
mals of the same age were used. The rats were housed in a temperature- 
and humidity-controlled vivarium on a 12 h/12 h reverse light/dark 
cycle (lights off at 8:00 AM), with food and water available ad libitum. 
The rats were pair-housed, separated by a perforated clear Plexiglas 
divider to habituate them to the behavioral testing conditions while also 
reducing isolation stress [49]. The rats were randomly assigned to the 
different treatment groups. We conducted all procedures according to 
the National Institutes of Health Guide for the Care and Use of Labora
tory Animals and The Scripps Research Institute Institutional Animal 
Care and Use Committee (IACUC) policies (protocol no. 09–0006).

2.2. Two-bottle choice (2BC) alcohol access procedure

The 2BC procedure (free choice between water and 10 % v/v 
alcohol) was used to measure voluntary alcohol drinking and preference 
[21,50]. The rats were given free access to water and alcohol (10 % v/v) 
24 h/day for 15 days to establish a stable drinking baseline and pref
erence for alcohol (80–90 % preference for alcohol vs. water in msP 
rats). Once the baseline was reached, access to alcohol was then 
decreased to a 2 h period, starting from 2 h into the animals’ dark 
(active) phase. Fluids were offered through graduated drinking tubes 
equipped with metallic spouts, and intake was measured by weighing 
the tubes at the end of each drinking session. The drinking tubes’ posi
tions were switched daily to avoid the development of side preferences. 
The animals had free access to food. Alcohol intake was calculated as 
absolute consumption at each time interval and is expressed as grams 
per kilogram of body weight to control body weight variability [51]. The 
total alcohol intake (g/kg) of each rat is reported in the supplementary 
materials (Supplementary Fig. 1S) and was calculated by summing the 
daily alcohol consumption over the 5 weeks of alcohol exposure. The 
terminal blood alcohol levels (mg/dL) are also reported in Supplemen
tary Fig.1S.

2.3. Experimental design overview

In the present study, three experimental groups were used for both 
Wistar and msP rats (Table 1). 

• Naive: Rats that did not receive alcohol.
• Alcohol: Rats that received 2 weeks of alcohol (24 h/day, 10 % v/v) 
+ 3 weeks of alcohol (2 h/day) and were sacrificed immediately 2 h 
after the last drinking session.

• Abstinence: Rats that received 2 weeks of alcohol (24 h/day) + 3 
weeks of alcohol (2 h/day) and were sacrificed after 26 days of 
abstinence.

2.4. Measurement of mechanical allodynia with von Frey filaments

Mechanical allodynia was measured by a blind experimenter before 
starting alcohol intake (baseline), during alcohol exposure, and after 
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protracted abstinence using von Frey filaments (North Coast Medical, 
Gilroy, CA, USA) with ascending force as previously reported [11]. 
Briefly, the rats were first habituated to the testing apparatus by placing 
them on a metal mesh stand. Von Frey filaments (4, 6, 8, 10, 15, 26, 60, 
and 100 g) were then manually applied to the plantar surface of one hind 
paw with increasing force until a withdrawal response was elicited. The 
von Frey filament force that elicited the withdrawal response was the 
mechanical withdrawal threshold. A positive value was recorded if the 
paw was lifted at least three times in five measurements. If the rats did 
not respond, then we used the next filament with a greater force. The 
animals were tested under red lights, during their dark (active) phase. 
The allodynia measures were performed by the same experimenter 
throughout the study.

2.5. Calculation of the allodynia development index during alcohol and 
abstinence

The Allodynia Development Index during alcohol exposure and 
abstinence was calculated using the following formula: 

Allodynia Development Index during alcohol exposure (%) = 100 - [(last 
alcohol exposure mechanical allodynia threshold) / (baseline mechan
ical allodynia threshold) x 100].                                                          

The last mechanical allodynia threshold measured during alcohol 
exposure is the last 2BC session of the 3rd week of exposure. The index is 
represented by a purple square for msPs and a green square for Wistars. 

Allodynia Development Index during abstinence (%) = 100 - [(last 
abstinence day mechanical allodynia threshold) / (baseline mechanical 
allodynia threshold) x 100].                                                                

The last abstinence day mechanical allodynia threshold is abstinence 
day 26 in Wistars and in msPs. The index is represented by a purple 
circle for msPs and a green circle for Wistars.

The value “0” represents no change in mechanical allodynia. Animals 
with an index ≤ 0 did not develop allodynia. Animals with an index >
0 developed allodynia.

2.6. Lumbar dorsal root ganglia extraction

A subgroup of rats (n = 60) was used for the liquid chromatography- 
mass spectrometry (LC-MS/MS) analysis of lumbar DRG (four DRG from 
each rat) in the three different experimental conditions (naive, alcohol, 
and abstinence) for both strains and sexes. To collect lumbar DRG, the 
rats were deeply anesthetized with isoflurane and rapidly decapitated 
while unconscious using a guillotine. Dissection of DRG was performed 
by adapting previously published methods to rats [52]. Lumbar DRG 
were removed, flash-frozen on dry ice, and stored at − 80◦C.

2.7. Targeted lipidomic analysis of tissue samples

Tissues were Dounce-homogenized with 1 ml of cold Dulbecco’s 
phosphate-buffered saline (DPBS), and the total tissue lipidome was 
extracted in 4 ml of 2:1:1 CHCl3/MeOH/DPBS (v/v/v) solution that 
contained the internal standard mix of 100 pmol 2-AG-d5, 1-stearoyl-2- 
arachidonoyl-sn-glycerol-d8, AEA-d4, PA (17:0/17:0), and 500 pmol 
AA-d8. The mixture was vigorously vortexed and centrifuged at 2000 g 
for 5 min at 4◦C. The bottom organic phase was collected, and the 
remaining aqueous phase was acidified with 100 µl of 3 N HCl and re- 
extracted by the addition of 1 ml of CHCl3. Both organic extracts were 
pooled, dried down under a N2 stream, and reconstituted in 150 µl of 2:1 
CHCl3/MeOH (v/v) for LC-MS/MS analysis.

Lipids were quantified using LC-MS/MS-based multiple reaction 
monitoring (MRM) methods (Agilent Technologies, 6460 or 6470 Triple 
Quadrupole) [53]. The MS analysis was performed using electrospray 
ionization with the following parameters: drying gas temperature, 
350◦C; drying gas flow, 9 L/min; nebulizer pressure, 45 Ψ; sheath gas 
temperature, 375◦C; sheath gas flow, 12 L/min; fragmentor voltage, 
100 V; capillary voltage, 3.5 kV. Multiple reaction monitoring transi
tions for the targeted LC-MS/MS analysis are presented in the compiled 
lipidomic data spreadsheet (Supplementary Table 1–2). The separation 
of lipids was achieved using a 50 mm ́ 4.6 mm 5-μm Gemini C18 column 
(Phenomenex) coupled to a guard column (Gemini: C18: 4 × 3 mm). For 
negative mode analysis, H2O:MeOH (95:5, v/v) with 0.1 % NH4OH (v/v) 
and iPrOH:MeOH:H2O (60:35:5, v/v) with 0.1 % NH4OH (v/v) were 
used as solvent A and solvent B, respectively. For positive mode analysis, 
H2O:MeOH (95:5, v/v) with 0.1 % formic acid (v/v) and iPrOH:MeOH: 
H2O (60:35:5, v/v) with 0.1 % formic acid (v/v) were used as solvent A 
and solvent B, respectively. The LC gradient for negative mode analysis 
was the following after injection: 20 % B at 0.1 ml/min for 5 min; in
crease to 85 % B at 0.4 ml/min for 15 min; increase to 100 % B at 
0.5 ml/min for 5 min; run at 100 % B at 0.5 ml/min for 2 min; and then 
back to 20 % B and equilibrate at 0.5 ml/min for 5 min. The LC gradient 
for positive mode analysis was the following after injection: start from 
0 % B and hold at 0.1 ml/min for 5 min; run at 60 % B at 0.4 ml/min and 
increase to 100 % B at 0.4 ml/min for 15 min; run at 100 % B at 
0.5 ml/min for 13 min; and then back to 0 % B and equilibrate for 2 min. 
Lipid species were quantified by measuring areas under the curve 
compared with the corresponding internal standards and then normal
izing to the tissue protein abundance.

2.8. Nomenclature of eCBs

The monoacylglycerol 2-arachidonoylglycerol (2-AG) and the N- 
acylethanolamide (NAE) anandamide (or N-arachidonoylethanolamide 
[AEA]) are bioactive lipids that are the primarily investigated eCBs. 2- 
Arachidonoylglycerol biosynthesis is catalyzed by diacylglycerol lipase 
(DAGL) activity, which converts diacylglycerols (DAGs) into MAGs via 
hydrolysis at the sn-1 position. 2-arachidonoylglycerol is metabolized 
into glycerol and arachidonic acid [54], which can be further oxidized 
into prostaglandins (i.e., prostaglandin E2 [PGE2]/prostaglandin D2 
[PGD2]) and thromboxane B2 (TXB2). N-arachidonoylethanolamide is 
biosynthesized from its precursors N-acylphosphatidylethanolamines 
(NAPEs). N-acylphosphatidylethanolamines are substrates for multiple 
phospholipases, including a NAPE-specific phospholipase D (NAPE-PLD) 
[55–57]. N-arachidonoylethanolamide is then metabolized into etha
nolamine and AA (see Schematic).

2.9. Statistical analyses

Behavioral experiments (2BC drinking and mechanical allodynia 
measurements) and LC-MS/MS lipid measurements were analyzed using 
two-way analysis of variance (ANOVA), with alcohol condition (naive, 
alcohol, abstinence) and genotype (Wistar, msP) as between-subject 
factors. Significant interactions in the ANOVA were followed by 

Table 1 
Experimental groups.

Experimental groups Sex Strain N

Naive Female Wistar 6
Alcohol Female Wistar 19
Abstinence Female Wistar 7*
Naive Male Wistar 6
Alcohol Male Wistar 20
Abstinence Male Wistar 12*
Naive Female msP 7
Alcohol Female msP 14
Abstinence Female msP 6*
Naive Male msP 8
Alcohol Male msP 20
Abstinence Male msP 10*

* Subset of rats tested during alcohol and abstinence.
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Tukey’s and Sidak’s multiple-comparison post hoc test, as specified in 
the figure legends. The Allodynia Development Index was analyzed 
using unpaired t-test. Pearson’s correlations were calculated to examine 
relationships between the Allodynia Development Index and total 
alcohol intake and between the Allodynia Development Index and lipid 
levels.

The experiments were designed to generate groups of comparable 
size using randomization and blinded analysis. Group size is the number 
of independent values (i.e., individual rats), and the statistical analysis 
was performed using these independent values. Sample sizes were based 
on experience from our laboratory and the Cravatt laboratory [58] for 
similar studies. All datasets were derived from n ≥ 6 rats (behavioral 
experiments) or n = 5 rats (LC-MS/MS experiments) for each sex and 
genotype. All data are expressed as the mean ± standard error of the 
mean (SEM). Values of p < 0.05 were considered statistically significant. 
Two male Wistar rats were excluded because they were outliers in the 
2BC procedure after applying the ROUT test. All data graphing and 
statistical analysis were conducted using GraphPad Prism Version 10 (La 
Jolla, CA, USA).

3. Results

3.1. Baseline mechanical allodynia and lumbar DRG lipids differ between 
Wistar and msP rats

We first determined whether there were baseline differences in the 
mechanical threshold between naive msP and Wistar rats (Fig. 1A). A 
significant strain difference was observed in both male (****p < 0.0001) 
and female (*p < 0.05) rats, in which msP rats had a lower mechanical 
threshold, indicating a higher level of allodynia, compared with Wistar 
rats. Among the lipid species analyzed, no baseline difference was found 
in male (Fig. 1B) or female (Fig. 1C) msP rats compared with male 
Wistar rats. A nonsignificant trend toward a reduction of 2-AG (MAG 
C20:4) levels was detected in both male (Fig. 1B, p = 0.95) and female 
(Fig. 1C, p = 0.99) msP rats compared with their Wistar controls.

3.2. Evaluation of mechanical allodynia during alcohol-exposure in 
Wistar and msP rats

We used the von Frey test to measure the development and pro
gression of mechanical allodynia during the 2BC drinking procedure in 
male (Fig. 2A) and female (Fig. 2B) msP and Wistar rats. As previously 
reported [21], total alcohol intake in male and female Wistar rats was 
lower than in msP rats (Supplementary Fig.1S). Mechanical allodynia 
was measured once weekly during alcohol exposure (i.e., immediately 
after 2BC exposure). The mechanical allodynia threshold remained 
lower in male msP rats (Fig. 2A) compared with Wistar rats throughout 
the entire alcohol exposure (****p < 0.0001) both after the 2 weeks of 
24 h 2BC access and during the 3 weeks of 2 h-restricted 2BC access. 
Additionally, the male Wistar group exhibited a lower mechanical 
allodynia threshold after 1 week of 2 h 2BC that persisted for 3 weeks 
(Fig. 2A). Female msP rats (Fig. 2B) exhibited a persistent significantly 
(****p < 0.0001) lower mechanical allodynia threshold compared with 
the female Wistar group after the 2 weeks of 24 h continuous alcohol 
access and after the first week of 2 h 2BC access. The strain difference in 
female rats disappeared during the second and third weeks of 2 h 
alcohol access. Female Wistar rats began to develop allodynia after the 
second week of 2 h 2BC access and reached the same mechanical allo
dynia threshold as female msP rats after the third week of 2BC exposure 
(Fig. 2B). Despite the different alcohol intake between msP and Wistar 
rats (Supplementary Fig.1S), male (Fig. 2A) and female (Fig. 2B) msP 
rats did not present a further reduction of mechanical allodynia 
compared with their baseline level.

Schematic. Simplified biosynthesis and metabolism of eCBs. Diacylglycerol 
(DAG), 2-arachidonoylglycerol (2-AG), arachidonic acid [54], N-acylphospha
tidylethanolamine (NAPE), anandamide (AEA), prostaglandin E2 (PGE2), 
prostaglandin D2 (PGD2), thromboxane B2 (TXB2), diacylglycerol lipase 
(DAGLα-β), monoacylglycerol lipase (MAGL), alpha/beta-hydrolase domain 
containing 12 (ABHD12), alpha/beta-hydrolase domain containing 6 (ABHD6), 
N-acyl-phosphatidylethanolamine phospholipase D (NAPE-PLD), fatty acid 
amide hydrolase (FAAH), N-acylethanolamine acid amidase (NAAA).

Fig. 1. (A) Differences in baseline mechanical allodynia between male and female naive Wistar (Wst) and msP rats. The data were analyzed using unpaired t-test 
(Male: ****p < 0.0001, Two-tailed, t=4.708, df=38; Female: *p < 0.05, Two-tailed, t=2.142, df=31). (B, C) Dorsal root ganglia (DRG) endocannabinoid changes in 
male msP naive rats (B) and female msP naive rats (C) normalized to naive Wistar rats. The data are expressed as log2-based fold change in msP vs. Wistar rats. The 
data were analyzed using two-way ANOVA followed by Tukey’s multiple-comparison post hoc test.
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To assess strain differences in the development of allodynia during 
alcohol exposure, we calculated the Allodynia Development Index dur
ing alcohol exposure (i.e., the ratio between the last measured me
chanical allodynia threshold on the third week of 2 h 2BC access and the 
baseline value), where an index ≤ 0 corresponds to the absence of 
allodynia. As reported in Fig. 2C, there were no significant differences 
between msP and Wistar rats of either sex, despite their total alcohol 

intake being different.
When we correlated the Allodynia Development Index during 

alcohol exposure and total alcohol intake, we found that the develop
ment of allodynia directly correlated with total alcohol intake in males 
only (Fig. 2D), suggesting that rats that drank more developed more 
allodynia. In females (Fig. 2E), however, allodynia did not correlate with 
total alcohol intake.

Fig. 2. (A, B) Measurement of mechanical allodynia with von Frey filaments in male (A) and female (B) Wistar and msP rats before (baseline) and during alcohol 
consumption using the two-bottle choice (2BC) procedure (free choice between water and 10 % v/v alcohol). The data were analyzed using two-way ANOVA fol
lowed by Tukey’s multiple-comparison post hoc test. (A) male: F4,165 = 3.012, ***p < 0.001, *p < 0.05, Wistar/msP vs. baseline; ###p < 0.001, msP vs. Wistar; (B) 
female: F4,146 = 4.981, ***p < 0.001, **p < 0.01, Wistar/msP vs. baseline; ###p < 0.001, ##p < 0.01, msP vs. Wistar. (C) Allodynia Development Index during alcohol 
exposure (%) was calculated using the final mechanical allodynia threshold during alcohol exposure and the baseline mechanical allodynia threshold for each rat. 
The data were analyzed using unpaired t-test (Male: p = 0.09, Two-tailed, t=1.700, df=40; Female: p = 0.54, Two-tailed, t=0.6071, df=31). (D) Correlation between 
Allodynia Development Index (%) and total alcohol intake (g/kg) in male msP and Wistar rats. Pearson’s correlation: r = 0.36, R2 = 0.13, *p < 0.018. (E) Correlation 
between Allodynia Development Index (%) and total alcohol intake (g/kg) in female msP and Wistar rats (E). Pearson’s correlation: r = − 0.05, R2 = 0.003, p = 0.76. 
(F) Separation of male and female Wst rats into two sub-populations: allodynia and no allodynia. The data were analyzed using unpaired t-tests (Male: **p < 0.01, 
Two-tailed, t=2.937, df=18; Female: ****p < 0.0001, Two-tailed, t=5.719, df=17). (G) Correlation between Allodynia Development Index (%) and total alcohol 
intake (g/kg) in male Wst rats. Pearson’s correlation: r = 0.25, R2 = 0.06, p = 0.27. (H) Correlation between Allodynia Development Index (%) and total alcohol 
intake (g/kg) in female Wistar rats. Pearson’s correlation: r = 0.09, R2 

= 0.01, p = 0.69.
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Only 40–50 % of people who chronically consume moderate 
amounts of alcohol develop neuropathy. This clinical condition was 
recapitulated in our model by Wistar rats. Wistar rats did not develop a 
preference for alcohol; for this reason, they are considered moderate 
drinkers, but a percentage of Wistar rats developed significant allodynia: 
18.18 % of male Wistar rats and 63.15 % of female Wistar rats (index >
0; Fig. 2 F, male: **p < 0.01; female: ****p < 0.0001). These results are 
also consistent with clinical studies, in which women were more likely to 
develop alcohol-induced neuropathy. Lastly, in male Wistar rats 
(Fig. 2G), the mechanical Allodynia Development Index during alcohol 
exposure tended to correlate with total alcohol intake, whereas females 
developed allodynia regardless of their total alcohol intake (Fig. 2H).

3.3. msP rats develop long-lasting allodynia during alcohol abstinence

Abstinence-related allodynia belongs to the category of physical 
withdrawal symptoms. For this reason, we compared the long-lasting 
effect of alcohol consumption in msP and Wistar rats during pro
tracted abstinence (for 26 days after the last alcohol consumption; 
Fig. 3). Male msP rats exhibited a significant reduction of the mechanical 
allodynia threshold compared with Wistar rats after 5 days of absti
nence, which remained unchanged until day 26 (Fig. 3A). In contrast, 
male Wistar rats exhibited the development of allodynia immediately 

after 2BC, but they completely recovered and returned to baseline levels 
starting from 7 days into alcohol abstinence (Fig. 3A; F15,353 = 3.195, *p 
< 0.05, Wistar/msP vs. baseline; ###p < 0.001, ##p < 0.01, #p < 0.05, 
msP vs. Wistar).

Like msP males, a long-lasting effect (26 days) of alcohol drinking on 
mechanical allodynia was observed in female msP rats compared with 
Wistar rats (Fig. 3B; F15,215 = 4.088, ***p < 0.001, Wistar/msP vs. 
baseline; ###p < 0.001, ##p < 0.01, msP vs. Wistar) but with earlier 
onset (i.e., 3 days after alcohol removal) and no sign of recovery. At the 
same time, female Wistar rats (Fig. 3B) exhibited slower recovery from 
allodynia that was induced by alcohol consumption compared with male 
Wistar rats (Fig. 3A), with a relapse-remitting trend. After improvement 
at 3 days and worsening at days 5–6, female Wistar rats completely 
recovered after 15 days of abstinence. To confirm the total recovery of 
mechanical sensitivity by male and female Wistars before sacrifice, we 
took an additional measurement after 26 days of abstinence 
(Supplementary Fig.3S).

The Allodynia Development Index during abstinence (Fig. 3C, male: 
****p < 0.0001) showed that msP rats exhibited a significant increase in 
abstinence-related allodynia compared with Wistar rats, which directly 
correlated with total alcohol intake both in male (Fig. 3D,) and in female 
(Fig. 3E) rats. These results suggest that the main difference in allodynia 
development between msP and Wistar rats occurred during protracted 

Fig. 3. (A, B) Measurement of mechanical allodynia with von Frey filaments in male (A) and female (B) Wistar and msP rats before (baseline) alcohol intake and 
during abstinence. The data were analyzed using two-way ANOVA followed by Tukey’s multiple-comparison post hoc test. (A) male: F15,353 = 3.195, *p < 0.05, 
Wistar/msP vs. baseline; ###p < 0.001, ##p < 0.01, #p < 0.05, msP vs. Wistar; (B) female: F15,215 = 4.088, ***p < 0.001, Wistar/msP vs. baseline; ###p < 0.001, ##p 
< 0.01, msP vs. Wistar. (C) Allodynia development index during abstinence (%) was calculated using the final mechanical allodynia threshold during abstinence and 
the baseline mechanical allodynia threshold for each rat. The data were analyzed using unpaired t-test (Male: ****p < 0.0001, Two-tailed, t=4.958, df=20; Female: p 
= 0.0740, Two-tailed, t=1.974, df=11). (D) Correlation between Allodynia Development Index (%) and total alcohol intake (g/kg) in male msP and Wistar rats. 
Pearson’s correlation: r = 0.68, R2 = 0.47, **p = 0.009. (E) Correlation between Allodynia Development Index (%) and total alcohol intake (g/kg) in female msP and 
Wistar rats. Pearson’s correlation: r = 0.62, R2 = 0.38, ***p = 0.002.
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abstinence (Fig. 3).

3.4. Effect of chronic alcohol consumption on lipids in lumbar dorsal root 
ganglia

We next quantified three classes of eCB-related lipids, NAEs, MAGs, 
and DAGs, in lumbar DRG, which represent an important gateway for 
transporting peripheral signals to the central nervous system and are 
involved in the development of mechanical allodynia (Fig. 4). Although 
male Wistar rats (Fig. 4A) did not develop mechanical allodynia, alcohol 
consumption changed their lipidome. We found a significant increase of 
NAE C18:0, NAE C20:0, NAE C22:0, and MAG C18:1 during abstinence 
compared to the alcohol group (#p < 0.05, abstinent vs. alcohol). We 
also detected an increase of NAE C22:0, NAE C24:0, and MAG C20:0 in 
the abstinent rats compared to naive rats (**p < 0.01, *p < 0.05 absti
nent vs. naive). Lastly, we found an increase of MAG C20:0 (**p < 0.01 
alcohol vs. naive), but a decrease in MAG C22:6 (*p < 0.05 alcohol vs. 
naive) in alcohol compared to naive rats. These lipid alterations could 

indicate some long-lasting effects that are associated with alcohol con
sumption that deserve further investigation.

Interestingly, male msP rats (Fig. 4B) that developed mechanical 
allodynia during protracted abstinence exhibited a significant decrease 
in 2-AG and MAG 22:6, but not the other lipids compared with alcohol 
rats (##p < 0.01 abstinent vs. alcohol). Thus, 2-AG was the discrimi
nating lipid species between the two conditions. When comparing 2-AG 
levels between Wistar and msP rats, we observed a significant strain 
difference during abstinence (Fig. 4C; *p < 0.05 msP vs Wistar). None of 
the other main lipid species showed any significant changes: PEA 
(Supplementary Fig.4S-A), OEA (Supplementary Fig. 4S-B), and AEA 
(Supplementary Fig. 4S-C). Moreover, 2-AG levels correlated with the 
Allodynia Development Index calculated for Naive (empty circle), 
alcohol exposure (square) and abstinent (full circle) (Fig. 4D), in which 
higher 2-AG levels corresponded to lower allodynia. Additionally, a 
correlation trend, although not significant (p = 0.07), was observed 
between low 2-AG levels and high total alcohol intake (Fig. 4E).

Interestingly, male msP rats (Fig. 4B) that developed mechanical 

Fig. 4. (A) Endocannabinoid changes in lumbar dorsal root ganglia (DRG) in naive, alcohol, and abstinent male Wistar rats. The values were normalized to naive 
male Wst rats and are expressed as log2-based fold change vs. naive. The data were analyzed using two-way ANOVA followed by Tukey’s multiple-comparison post 
hoc test (F2,286 = 28.47, **p < 0.01, *p < 0.05, alcohol/abstinent vs. naive; #p < 0.05, abstinent vs. alcohol). (B) Endocannabinoid changes in DRG in naive, alcohol, 
and abstinent male msP rats. The values were normalized to naive male msP rats and are expressed as log2-based fold change vs. naive. The data were analyzed using 
two-way ANOVA followed by Tukey’s multiple-comparison post hoc test (F2,312 = 1.637, *p < 0.05, alcohol/abstinent vs. naive; ##p < 0.01, #p < 0.05, abstinent vs. 
alcohol). (C) Dorsal root ganglia 2-AG levels (pmol/mg protein) in naive, alcohol, and abstinent male Wistar and msP rats. The data were analyzed using two-way 
ANOVA followed by Tukey’s multiple-comparison post hoc test (F 2, 23 = 2.105, *p < 0.05 Wistar male vs msP male during abstinence). (D) Correlation between 
Allodynia Development Index (%) and 2-AG levels in male msP and Wistar rats. Pearson’s correlation: r = − 0.46, R2 = 0.21, *p = 0.0118. (E) Correlation between 
total alcohol intake (g/kg) and 2-AG levels in male msP and Wst rats. Pearson’s correlation: r = − 0.42, R2 = 0.17, p = 0.0712.
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allodynia during protracted abstinence exhibited a significant decrease 
in 2-AG and MAG 22:6, but not the other lipids compared with alcohol 
rats (##p < 0.01 abstinent vs. alcohol). Thus, 2-AG was the discrimi
nating lipid species between the two conditions. When comparing 2-AG 
levels between Wistar and msP rats, we observed a significant strain 
difference during abstinence (Fig. 4C; *p < 0.05 msP abstinence vs 
Wistar abstinence). None of the other main lipid species showed any 
significant changes: PEA (Supplementary Fig. 4S-A), OEA 
(Supplementary Fig. 4S-B), and AEA (Supplementary Fig. 4S-C). More
over, 2-AG levels correlated with the Allodynia Development Index 
calculated for naive (empty circle), alcohol exposure (square) and 
Abstinent (full circle) (Fig. 4D), in which higher 2-AG levels corre
sponded to lower allodynia. Additionally, a correlation trend, although 
not significant (p = 0.07), was observed between low 2-AG levels and 
high total alcohol intake (Fig. 4E).

Female Wistar rats (Fig. 5A) exhibited lower levels of OEA and MAG 
C20:0 during protracted abstinence compared with the alcohol group 

(**p < 0.01, *p < 0.05 alcohol vs. naive). Female msP rats showed higher 
levels of NAE C18:2 and DAG C16:0/20:4, but lower levels of MAG 
C18:1, 2-AG, MAG C22:6, DAG C18:0/20:4 in abstinence compared to 
alcohol rats (###p < 0.001, ##p <0.01, #p <0.05 abstinent vs. alcohol). 
MAG C16:0 and MAG C18:0 levels were higher, while 2-AG and MAG 
C22:6 levels were lower in abstinent compared to naive rats (***p <
0.001, **p < 0.01, *p < 0.05 abstinent vs. naive). Lastly, alcohol-exposed 
rats presented lower NAE C18:2, AEA, NAE C22:6, MAG C16:0, MAG 
C18:0, DAG C16:0/20:4, DAG C18:0/20:4, DAG C18:1/20:4 and DAG 
C18:1/22:6 compared to naive rats (**p<0.01, *p<0.05 alcohol vs 
naive).

Moreover, female msP rats developed significant mechanical allo
dynia during protracted abstinence compared with the alcohol group 
(Fig. 3) and presented a significantly lower level of 2-AG during absti
nence compared with the alcohol group. Similar to males, 2-AG was 
slightly lower in female msP rats compared with female Wistar rats 
during abstinence (Fig. 5C), with a correlation trend between 2-AG and 

Fig. 5. (A) Endocannabinoid changes in lumbar dorsal root ganglia (DRG) in naive, alcohol, and abstinent female Wistar rats. The values were normalized to naive 
female Wst rats and are expressed as log2-based fold change vs. naive. The data were analyzed using two-way ANOVA followed by Tukey’s multiple-comparison post 
hoc test (F2,312 = 8.669, **p < 0.01, alcohol/abstinent vs. naive). (B) Endocannabinoid changes in DRG in naive, alcohol, and abstinent female msP rats. The values 
were normalized to naive female msP rats and are expressed as log2-based fold change vs. naive. The data were analyzed using two-way ANOVA followed by Tukey’s 
multiple-comparison post hoc test (F2,312 = 29.23, ***p < 0.001, **p < 0.01, *p < 0.05, alcohol/abstinent vs. naive; ###p < 0.001, ##p < 0.01, #p < 0.05, abstinent 
vs. alcohol). (C) Dorsal root ganglia 2-AG levels (pmol/mg protein) in female Wistar and msP rats. The data were analyzed using two-way ANOVA followed by 
Tukey’s multiple-comparison post hoc test (F 2, 24 = 1.187). (D) Correlation between Allodynia Development Index (%) and 2-AG levels in female msP and Wistar 
rats. Pearson’s correlation: r = − 0.26, R2 = 0.07, p = 0.149. (E) Correlation between total alcohol intake (g/kg) and 2-AG levels in female msP and Wistar rats. 
Pearson’s correlation: r = − 0.19, R2 = 0.03, p = 0.41.
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the Allodynia Development Index (Fig. 5D), but not between 2-AG and 
total alcohol intake (Fig. 5E). No differences between Wistar and msP 
rats were observed in PEA, OEA, or AEA levels (Supplementary Fig. 3S- 
D/E/F).

3.5. Dysregulation of PGE2/PGD2 and TXB2 levels in female msP rats

Arachidonic acid (omega-6) and docosahexaenoic acid (omega-3) 
represent critical components of neural synaptic membranes and they 
are byproducts of eCB metabolism. 2-Arachidonoylglycerol is hydro
lyzed by MAGL and ABHD6 into AA, which can be oxidized by 
cyclooxygenase-2 (COX-2) to form prostaglandins (PGE2, PGD2) and 
TXB2 [59]. Arachidonic acid metabolism is one of the main enzymatic 
steps that is responsible for the inflammatory cascade [60].

Male Wistar rats exhibited a significant reduction (Fig. 6A; *p < 0.05 
abstinence vs. naive) of TXB2 during abstinence compared with naive. In 
contrast, male msP rats showed an elevation of TXB2 during abstinence 
(*p < 0.05 abstinence vs. naive) and a reduction of PGE2/PGD2 during 
alcohol (*p < 0.05 alcohol vs naive) compared with naive rats (Fig. 6B). 
However, no strain differences were observed (Supplementary Fig. 5S). 
No significant differences in AA or DHA levels were found among 
experimental conditions (naive, alcohol, and abstinence).

In female Wistar rats, we found an elevation of TXB2 levels after 
alcohol exposure and during abstinence compared with naive (Fig. 6C 
and H, ***p < 0.001, 2p < 0.05 alcohol/abstinence vs. naive). During 
abstinence, they also showed a significant reduction of PGE2/PGD2 
compared with alcohol rats (Fig. 6C, #p < 0.05, abstinent vs. alcohol). 
Similarly, female msP rats exhibited a significant increase in TXB2 levels 
and a decrease in PGE2/PGD2 levels during protracted abstinence 
compared with naive (**p < 0.01, abstinent vs. naive) and alcohol- 
exposure females (Fig. 6D, #p < 0.05, abstinent vs. alcohol).

We did not find any difference in PGE2/PGD2 (Fig. 6E) or TXB2 
(Fig. 6H) levels between Wistar and msP rats. However, we observed a 
significant increase of TXB2 levels in abstinent Wistar females compared 
to naive (Fig. 6H, **p<0.01 naive vs. abstinent Wistars). Overall, in fe
male rats, low PGE2/PGD2 levels significantly correlated with the 
development of allodynia (Fig. 6F) but not with total alcohol intake 
(Fig. 6G). In contrast, high TXB2 levels correlated with high allodynia 
(Fig. 6I), and, similarly to PGE2/PGD2, did not correlate with alcohol 
intake (Fig. 6J).

4. Discussion

Extensive research suggests that chronic pain acts as a primary 
negative reinforcer of alcohol intake to buffer the symptoms experienced 
by AUD patients [3,4,61–63], particularly during alcohol abstinence. 
Although acute alcohol consumption can produce temporary analgesia, 
prolonged and excessive alcohol use increases pain sensitivity over time 
[4]. Importantly, pain represents a severe risk factor that prevents pa
tients from recovering from AUD. Although alcohol abstinence-related 
pain is a highly observed condition in both preclinical and clinical 
studies, the mechanisms that underlie its occurrence are still unclear. In 
the present study, we found that msP rats, a genetically-selected alco
hol-preferring rat line [64], developed significant mechanical allodynia 
during protracted abstinence from alcohol, which never returned to 
baseline levels. The lack of return to baseline suggests important per
manent effects of excessive alcohol drinking on pain using this 
genetically-selected rodent line of inheritable anxiety and high alcohol 
intake. This effect returned to baseline levels in non-selected Wistar 
control rats after 5 days into their abstinence period, consistent with 
prior work [65]. This hypersensitivity to mechanical stimuli difference 
combined with msPs genetic predisposition implies greater response to 
external stressors, which may relate to their innate high preference for 
alcohol consumption as a form of stress-coping behavior [14]. Our 
laboratory employed voluntary 2BC drinking procedures wherein rats 
can freely choose between 10 % alcohol or water [16,51], allowing us to 

compare temporal effects of chronic alcohol intake across measures of 
allodynia. Chronic alcohol consumption has been shown to elicit pe
ripheral nerve damage and increase neuroinflammation [66–70], 
regardless of the development of alcohol dependence. We observed this 
toxic effect in Wistars rats, in which chronic alcohol consumption for 5 
consecutive weeks led to an increase in mechanical allodynia, particu
larly in females (~60 %). This toxic effect in Wistar rats directly 
correlated with total alcohol intake, in which rats that drank more 
developed higher allodynia. Consistent with our results, women are 
generally more sensitive to the side effects of chronic alcohol con
sumption and develop medical problems more easily [71,72]. Only a 
small percentage of male Wistar rats (~20 %) developed allodynia after 
chronic moderate alcohol consumption. Because we could not predict 
the number of Wistar rats that would develop allodynia, one limitation 
of the present study was the relatively low number of high-allodynia 
Wistar rats that we could follow during abstinence (Supplementary 
Fig. 2S). We did not observe any sex differences in msP rats.

The eCB system has been studied regarding chronic pain [73], and 
alterations of eCBs and CB receptors in msP rats have been reported. 
Specifically, msP rats have a higher level of CB1 receptor mRNA 
expression than Wistar rats in several brain regions (including the 
frontoparietal cortex, caudate putamen, and hippocampus) [74], and 
CB1 receptor antagonist administration can reduce their alcohol 
self-administration [24,75]. Moreover, msP rats have a lower baseline 
level of AEA in the CeA compared with Wistar rats, together with a 
higher activity of FAAH, the main responsible for AEA catabolism. No 
differences between msP and Wistar rats were observed in 2-AG levels in 
either CeA or prefrontal cortex (infralimbic and prelimbic subregions) 
[76]. The lack of changes in 2-AG levels are consistent with the lack of 
pharmacological effects of MAGL inhibitors in voluntary alcohol 
drinking [16].

Our previous work highlighted the important role of impaired eCB 
system in male and female msP rats [77]. However, there is no data 
about eCBs in peripheral tissues using the current drinking model and 
genetically selected line. Alcohol causes damage not only to the brain 
but also to several peripheral tissues, including DRG, which represent an 
important point for processing pain stimulus information from the pe
riphery to central regions [78]. Despite this, there is a lack of evidence of 
how alcohol exposure modifies the physiological functions of DRG [69, 
79,80]. We quantified eCBs and congener lipids (i.e., NAEs, DAGs, and 
MAGs) in lumbar DRG in msP rats and assessed potential differences 
compared with Wistar rats both at baseline and after alcohol con
sumption. In male and female msP rats, 2-AG levels were decreased 
during protracted abstinence compared with naive and alcohol rats. 
Notably, we found a significant correlation between low DRG 2-AG 
levels and the development of mechanical allodynia that was induced 
by chronic alcohol consumption. Consistent with our results, a correla
tion between low plasma levels of 2-AG and pain sensitivity was previ
ously reported in patients with neuromyelitis optica [81]. Moreover, the 
pharmacological inhibition of MAGL decreased mechanical allodynia in 
mice that were subjected to chronic constriction injury and 
paclitaxel-induced peripheral neuropathy [33]. Other studies reported 
that enhanced levels of 2-AG after 7–14 days from painful stimuli were 
detected in neuropathic pain models as a rapid response to restore 
normal activity [82]. To our knowledge, here we are the first to report 
significant changes in other endocannabinoid-related NAEs, MAGs and 
DAGs whose biological functions are still understudied and not well 
understood. Additionally, some of the changes are sex and/or 
strain-dependent and future studies will investigate their role. Interest
ingly, C20:4-containing DAGs (i.e., DAG C16:0/20:4 and DAG 
C18:0/20:4), the precursors of 2-AG, are reduced in msP females, but not 
males, during alcohol exposure and abstinence compared to naive, 
pointing to a possible overall downregulation of the 2-AG biosynthesis.

In the present study, we speculated that the downregulation of 2-AG 
might disrupt the synaptic transmission involved in mechanical allo
dynia, preventing recovery from alcohol-induced damage. CB1 and CB2 

V. Borgonetti et al.                                                                                                                                                                                                                              Pharmacological Research 209 (2024) 107462 

9 



Fig. 6. (A) Arachidonic acid, docosahexaenoic acid (DHA), thromboxane B2 (TXB), and prostaglandin (PGE2/PGD2) changes in DRG in naive, alcohol, and abstinent 
male Wistar rats. The values were normalized to naive male Wistar rats and are expressed as log2-based fold change vs. naive. The data were analyzed using two-way 
ANOVA followed by Tukey’s multiple-comparison post hoc test (F2,44 = 4.164, *p < 0.05, alcohol/abstinent vs. naive). (B) AA_2, DHA, TXB, and PGE2/PGD2 changes 
in DRG in naive, alcohol, and abstinent male msP rats. The values were normalized to naive male msP rats and are expressed as log2-based fold change vs. naive. The 
data were analyzed using two-way ANOVA followed by Tukey’s multiple-comparison post hoc test (F2,48 = 1.404, *p < 0.05, alcohol/abstinent vs. naive). (C) AA_2, 
DHA, TXB, and PGE2/PGD2 levels in DRG in naive, alcohol, and abstinent female Wistar rats. The values were normalized to female naive Wistar rats and are 
expressed as log2-based fold change vs. naive. The data were analyzed using two-way ANOVA followed by Tukey’s multiple-comparison post hoc test (F2,48 = 0.96, 
***p < 0.001, *p < 0.05, alcohol/abstinent vs. naive; #p < 0.05, abstinent vs. alcohol). (D) AA_2, DHA, TXB, and PGE2/PGD2 changes in DRG in naive, alcohol, and 
abstinent female msP rats. The values were normalized to naive female msP rats and are expressed as log2-based fold change vs. naive. The data were analyzed using 
two-way ANOVA followed by Tukey’s multiple-comparison post hoc test (F2,48 = 2.58, **p < 0.01, alcohol/abstinent vs. naive; #p < 0.05, abstinent vs. alcohol). (E) 
Dorsal root ganglia PGE2/PGD2 levels (pmol/mg protein) in female Wistar and msP rats. The data were analyzed using two-way ANOVA followed by Tukey’s 
multiple-comparison post hoc test. (F) Correlation between Allodynia Development Index (%) and PGE2/PGD2 levels in female msP and Wistar rats. Pearson’s 
correlation: r = − 0.35, R2 

= 0.12, *p = 0.05. (G) Correlation between total alcohol intake (g/kg) and PGE2/PGD2 levels in female msP and Wst rats. Pearson’s 
correlation: r = − 0.028, R2 = 0.006, p = 0.90. (H) Dorsal root ganglia TXB2 levels in female Wistar and msP rats. The data were analyzed using two-way ANOVA 
followed by Tukey’s multiple-comparison post hoc test (F2,24 = 1.709, **p < 0.01). (I) Correlation between Allodynia Development Index (%) and TXB2 levels in 
female msP and Wistar rats. Pearson’s correlation: r = 0.41, R2 = 0.16, *p = 0.02. (J) Correlation between total alcohol intake (g/kg) and TXB2 levels in female msP 
and Wistar rats. Pearson’s correlation: r = − 0.36, R2 = 0.13, p = 0.11.
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receptors, along with other key receptors that are involved in neuro
pathic pain [54], are 2-AG targets, and their modulation could be related 
to the development of allodynia during abstinence. Thus, we hypothe
size that 2-AG metabolism is an interesting pharmacological target for 
treating alcohol-induced allodynia. Future studies will investigate the 
cell-specificity (glia vs. neurons) of altered 2-AG levels after alcohol 
intake to determine differences in cells that synthesize or release 2-AG. 
Additionally, 2-AG is an important intermediate of lipid mediators’ 
metabolism. Monoacylglycerol lipase, ABHD6, and ABHD12 convert 
2-AG into AA [83], making 2-AG a key lipid intermediate in the in
flammatory cascade. Arachidonic acid-derived eicosanoids (i.e., pros
taglandins G2 and H2) are produced by COX-2 activity. They can then be 
further metabolized into PGE2, PGD2, prostaglandin I2, and TXB2 by a 
selective prostaglandin synthase. All these mediators are involved in the 
inflammatory cascade, and most of them are associated with pain 
development [82].

Central and peripheral inflammation is a crucial pathway that is 
involved in the progression of neuropathic pain. In the present study, we 
found sex-dependent alterations of DRG eicosanoid levels. Alcohol- 
exposed and abstinent msP and Wistar females but not males exhibi
ted significant alterations of TXB2 and PGE2/PGD2 compared with 
naive rats. The reduction of PGE2/PGD2 in female msP rats during 
protracted abstinence compared with alcohol-naive and the alcohol- 
exposed group is very interesting. Although a general increase in 
PGE2 has been observed in different pain models [84], Bakooshli and 
colleagues showed that inhibition of the prostaglandin-degrading 
enzyme 15-hydroxyprostaglandin dehydrogenase (15-PGDH) pro
moted motor and axon regeneration, together with muscle force 
improvement, in aged mice with chronic muscle denervation [85]. 
Alcohol causes damage to the sciatic nerve [10], DRG [69], and the 
spinal cord [11,12,86], which are tissues that are deeply involved in the 
process of myelination and axonal regeneration. Therefore, we hy
pothesize that the reduction of PGE2/PGD2 is related to an increase in 
the activity of 15-PGDH. Future studies will test this hypothesis.

In conclusion, the present study found that excessive alcohol con
sumption, which is typical of msP rats, induced significant mechanical 
allodynia that developed rapidly into their abstinence period and per
sisted without recovering. Wistar rats that consumed alcohol chronically 
but not excessively exhibited the development of allodynia during their 
drinking phase. Additionally, alterations of DRG 2-AG levels were found 
in msP rats during prolonged abstinence, which was directly associated 
with the development of mechanical allodynia, thus, making 2-AG 
metabolism an interesting pharmacological target for the treatment of 
mechanical allodynia associated with alcohol abstinence.

Funding

Support for this study was provided by National Institute on Alcohol 
Abuse and Alcoholism grants R37 AA017447 (MR), AA021491 (MR), 
AA027700 (MR), AA013498 (MR), P60 AA06420 (MR), AA029841 
(MR), T32 AA007456 (TW, BC) and K99 AA030609 (VV), K99 
AA031718 (BC) and the Schimmel Family Chair and Pearson Center for 
Alcoholism and Addiction Research.

CRediT authorship contribution statement

Valentina Vozella: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Project administration, Methodology, 
Investigation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization. Vittoria Borgonetti: Writing – review & editing, 
Writing – original draft, Visualization, Validation, Project administra
tion, Methodology, Investigation, Formal analysis, Data curation, 
Conceptualization. Bryan Cruz: Writing – review & editing, Investiga
tion. Tim Ware: Writing – review & editing, Visualization, Validation, 
Methodology, Investigation, Data curation. Benjamin F. Cravatt: 
Writing – review & editing, Supervision, Resources. Ryan Bullard: 

Investigation, Data curation. Marisa Roberto: Writing – review & 
editing, Writing – original draft, Visualization, Supervision, Resources, 
Project administration, Methodology, Investigation, Funding acquisi
tion, Conceptualization. Nicoletta Galeotti: Writing – review & editing, 
Supervision, Conceptualization.

Declaration of Competing Interest

None

Acknowledgments

The authors thank Michael Arends for proofreading the manuscript. 
This is manuscript number 30280 from The Scripps Research Institute.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.phrs.2024.107462.

References

[1] M.J. Beasley, T.V. Macfarlane, G.J. Macfarlane, Is alcohol consumption related to 
likelihood of reporting chronic widespread pain in people with stable 
consumption? Results from UK biobank, Pain 157 (11) (2016) 2552–2560.

[2] G.F. Koob, L. Vendruscolo, Theoretical frameworks and mechanistic aspects of 
alcohol addiction: alcohol addiction as a reward deficit/stress surfeit disorder, 
Curr. Top. Behav. Neurosci. (2023).

[3] A.V. Apkarian, et al., Neural mechanisms of pain and alcohol dependence, Pharm. 
Biochem Behav. 112 (2013) 34–41.

[4] M. Egli, G.F. Koob, S. Edwards, Alcohol dependence as a chronic pain disorder, 
Neurosci. Biobehav Rev. 36 (10) (2012) 2179–2192.

[5] P.L. Brennan, K.K. Schutte, R.H. Moos, Pain and use of alcohol to manage pain: 
prevalence and 3-year outcomes among older problem and non-problem drinkers, 
Addiction 100 (6) (2005) 777–786.

[6] J.L. Riley 3rd, C. King, Self-report of alcohol use for pain in a multi-ethnic 
community sample, J. Pain. 10 (9) (2009) 944–952.

[7] L. Luongo, et al., Allodynia lowering induced by cannabinoids and 
endocannabinoids (ALICE), Pharm. Res. 119 (2017) 272–277.

[8] J. Li, et al., Differences between male and female rats in alcohol drinking, negative 
affects and neuronal activity after acute and prolonged abstinence, Int. J. Physiol. 
Pathophysiol. Pharm. 11 (4) (2019) 163–176.

[9] A.M. Kelley, et al., Adolescent ethanol exposure promotes mechanical allodynia 
and alters dopamine transmission in the nucleus accumbens shell, Pain (2023).

[10] F. De Logu, et al., Schwann cells expressing nociceptive channel TRPA1 orchestrate 
ethanol-evoked neuropathic pain in mice, J. Clin. Invest 129 (12) (2019) 
5424–5441.

[11] V. Borgonetti, et al., Chronic alcohol induced mechanical allodynia by promoting 
neuroinflammation: a mouse model of alcohol-evoked neuropathic pain, Br. J. 
Pharm. 180 (18) (2023) 2377–2392.

[12] S.N. Alexander, et al., Sex-specific differences in alcohol-induced pain 
sensitization, Neuropharmacology 225 (2023) 109354.

[13] K. Chopra, V. Tiwari, Alcoholic neuropathy: possible mechanisms and future 
treatment possibilities, Br. J. Clin. Pharm. 73 (3) (2012) 348–362.

[14] R. Ciccocioppo, et al., Genetically selected Marchigian Sardinian alcohol-preferring 
(msP) rats: an animal model to study the neurobiology of alcoholism, Addict. Biol. 
11 (3-4) (2006) 339–355.

[15] R. Ciccocioppo, et al., Antidepressant-like effect of ethanol revealed in the forced 
swimming test in Sardinian alcohol-preferring rats, Psychopharmacology 144 (2) 
(1999) 151–157.

[16] S. Khom, et al., Glucocorticoid receptors regulate central amygdala GABAergic 
synapses in Marchigian-Sardinian alcohol-preferring rats, Neurobiol. Stress 25 
(2023).

[17] L.A. Natividad, et al., Impaired hypothalamic feedback dysregulates brain 
glucocorticoid signaling in genetically-selected Marchigian Sardinian alcohol- 
preferring rats, Addict. Biol. 26 (3) (2021) e12978.

[18] F. Benvenuti, et al., Effect of glucocorticoid receptor antagonism on alcohol self- 
administration in genetically-selected marchigian sardinian alcohol-preferring and 
non-preferring wistar rats, Int. J. Mol. Sci. 22 (8) (2021).

[19] V. Vozella, et al., Glucocorticoid receptor antagonist mifepristone does not alter 
innate anxiety-like behavior in genetically-selected marchigian sardinian (msP) 
rats, Int. J. Mol. Sci. 22 (6) (2021).

[20] J. Boissoneault, B. Lewis, S.J. Nixon, Characterizing chronic pain and alcohol use 
trajectory among treatment-seeking alcoholics, Alcohol 75 (2019) 47–54.

[21] V. Vozella, et al., Sexually dimorphic effects of monoacylglycerol lipase inhibitor 
MJN110 on stress-related behaviour and drinking in Marchigian Sardinian alcohol- 
preferring rats, Br. J. Pharm. 180 (24) (2023) 3130–3145.

V. Borgonetti et al.                                                                                                                                                                                                                              Pharmacological Research 209 (2024) 107462 

11 

https://doi.org/10.1016/j.phrs.2024.107462
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref1
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref1
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref1
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref2
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref2
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref2
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref3
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref3
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref4
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref4
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref5
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref5
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref5
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref6
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref6
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref7
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref7
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref8
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref8
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref8
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref9
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref9
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref10
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref10
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref10
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref11
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref11
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref11
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref12
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref12
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref13
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref13
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref14
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref14
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref14
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref15
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref15
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref15
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref16
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref16
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref16
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref17
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref17
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref17
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref18
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref18
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref18
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref19
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref19
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref19
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref20
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref20
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref21
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref21
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref21


[22] L.O. Ayanwuyi, et al., Role of a genetic polymorphism in the corticotropin- 
releasing factor receptor 1 gene in alcohol drinking and seeking behaviors of 
marchigian sardinian alcohol-preferring rats, Front. Psychiatry 4 (2013) 23.

[23] A.C. Hansson, et al., Genetic impairment of frontocortical endocannabinoid 
degradation and high alcohol preference, Neuropsychopharmacology 32 (1) 
(2007) 117–126.

[24] A. Cippitelli, et al., Increase of brain endocannabinoid anandamide levels by FAAH 
inhibition and alcohol abuse behaviours in the rat, Psychopharmacology 198 (4) 
(2008) 449–460.

[25] J. Guindon, A.G. Hohmann, Cannabinoid CB2 receptors: a therapeutic target for 
the treatment of inflammatory and neuropathic pain, Br. J. Pharm. 153 (2) (2008) 
319–334.

[26] S.A. Shah, A.S. Gupta, P. Kumar, Emerging role of cannabinoids and synthetic 
cannabinoid receptor 1/cannabinoid receptor 2 receptor agonists in cancer 
treatment and chemotherapy-associated cancer management, J. Cancer Res. Ther. 
17 (1) (2021) 1–9.

[27] R.G. Pertwee, Cannabinoid receptors and pain, Prog. Neurobiol. 63 (5) (2001) 
569–611.

[28] C. Toth, et al., An enriched-enrolment, randomized withdrawal, flexible-dose, 
double-blind, placebo-controlled, parallel assignment efficacy study of nabilone as 
adjuvant in the treatment of diabetic peripheral neuropathic pain, Pain 153 (10) 
(2012) 2073–2082.

[29] J.A. Bestard, C.C. Toth, An open-label comparison of nabilone and gabapentin as 
adjuvant therapy or monotherapy in the management of neuropathic pain in 
patients with peripheral neuropathy, Pain. Pr. 11 (4) (2011) 353–368.

[30] F.A. Moreira, M. Grieb, B. Lutz, Central side-effects of therapies based on CB1 
cannabinoid receptor agonists and antagonists: focus on anxiety and depression, 
Best. Pr. Res. Clin. Endocrinol. Metab. 23 (1) (2009) 133–144.

[31] S. Petrosino, V.Di Marzo, FAAH and MAGL inhibitors: therapeutic opportunities 
from regulating endocannabinoid levels, Curr. Opin. Invest. Drugs 11 (1) (2010) 
51–62.

[32] D. Bhuniya, et al., Discovery and evaluation of novel FAAH inhibitors in 
neuropathic pain model, Bioorg. Med. Chem. Lett. 29 (2) (2019) 238–243.

[33] Z.A. Curry, et al., Monoacylglycerol lipase inhibitors reverse paclitaxel-induced 
nociceptive behavior and proinflammatory markers in a mouse model of 
chemotherapy-induced neuropathy, J. Pharm. Exp. Ther. 366 (1) (2018) 169–183.

[34] N.S. Adamson Barnes, et al., Actions of the dual FAAH/MAGL inhibitor JZL195 in a 
murine neuropathic pain model, Br. J. Pharm. 173 (1) (2016) 77–87.

[35] R. Russo, et al., The fatty acid amide hydrolase inhibitor URB597 
(cyclohexylcarbamic acid 3′-carbamoylbiphenyl-3-yl ester) reduces neuropathic 
pain after oral administration in mice, J. Pharm. Exp. Ther. 322 (1) (2007) 
236–242.

[36] I. Kaufmann, et al., Enhanced anandamide plasma levels in patients with complex 
regional pain syndrome following traumatic injury: a preliminary report, Eur. Surg. 
Res. 43 (4) (2009) 325–329.

[37] J.R. Clapper, et al., Anandamide suppresses pain initiation through a peripheral 
endocannabinoid mechanism, Nat. Neurosci. 13 (10) (2010) 1265–1270.

[38] M. Brindisi, et al., Development and pharmacological characterization of selective 
blockers of 2-arachidonoyl glycerol degradation with efficacy in rodent models of 
multiple sclerosis and pain, J. Med Chem. 59 (6) (2016) 2612–2632.

[39] F. Guida, et al., Palmitoylethanolamide reduces pain-related behaviors and restores 
glutamatergic synapses homeostasis in the medial prefrontal cortex of neuropathic 
mice, Mol. Brain 8 (2015) 47.

[40] S. Boccella, et al., Ultra-micronized palmitoylethanolamide rescues the cognitive 
decline-associated loss of neural plasticity in the neuropathic mouse entorhinal 
cortex-dentate gyrus pathway, Neurobiol. Dis. 121 (2019) 106–119.

[41] J. LoVerme, et al., The search for the palmitoylethanolamide receptor, Life Sci. 77 
(14) (2005) 1685–1698.

[42] Y. Haviv, et al., Reduced endocannabinoid tone in saliva of chronic orofacial pain 
patients, Molecules 27 (14) (2022).

[43] M.V. Noya-Riobo, et al., Changes in the expression of endocannabinoid system 
components in an experimental model of chemotherapy-induced peripheral 
neuropathic pain: evaluation of sex-related differences, Exp. Neurol. 359 (2023) 
114232.

[44] E.F. Toniolo, et al., Interactions between cannabinoid and opioid receptors in a 
mouse model of diabetic neuropathy, Pain 163 (7) (2022) 1414–1423.

[45] E. Backryd, et al., Serum levels of endocannabinoids and related lipids in painful vs 
painless diabetic neuropathy: results from the Pain in Neuropathy Study, Pain 165 
(1) (2024) 225–232.

[46] G. Cavaletti, et al., Cannabinoids: an effective treatment for chemotherapy-induced 
peripheral neurotoxicity? Neurotherapeutics 18 (4) (2021) 2324–2336.

[47] C.M. Mecca, et al., Dynamic change of endocannabinoid signaling in the medial 
prefrontal cortex controls the development of depression after neuropathic pain, 
J. Neurosci. 41 (35) (2021) 7492–7508.

[48] M. Malcangio, Introduction for special issue on neuroimmune interactions in 
chronic pain, Pain. Rep. 6 (1) (2021) e894.

[49] M.Q. Steinman, et al., Importance of sex and trauma context on circulating 
cytokines and amygdalar GABAergic signaling in a comorbid model of 
posttraumatic stress and alcohol use disorders, Mol. Psychiatry 26 (7) (2021) 
3093–3107.

[50] R.F. Leeman, et al., Ethanol consumption: how should we measure it? Achieving 
consilience between human and animal phenotypes, Addict. Biol. 15 (2) (2010) 
109–124.

[51] M.S. Devgun, J.A. Dunbar, Alcohol consumption, blood alcohol level and the 
relevance of body weight in experimental design and analysis, J. Stud. Alcohol 51 
(1) (1990) 24–28.

[52] C. Perner, C.L. Sokol, Protocol for dissection and culture of murine dorsal root 
ganglia neurons to study neuropeptide release, STAR Protoc. 2 (1) (2021) 100333.

[53] G. Dasilva, et al., Non-targeted LC-MS/MS assay for screening Over 100 lipid 
mediators from ARA, EPA, and DHA in biological samples based on mass spectral 
fragmentations, Molecules 24 (12) (2019).

[54] M.P. Baggelaar, M. Maccarrone, M. van der Stelt, 2-Arachidonoylglycerol: a 
signaling lipid with manifold actions in the brain, Prog. Lipid Res. 71 (2018) 1–17.

[55] P. Magotti, et al., Structure of human N-acylphosphatidylethanolamine- 
hydrolyzing phospholipase D: regulation of fatty acid ethanolamide biosynthesis 
by bile acids, Structure 23 (3) (2015) 598–604.

[56] Y. Okamoto, et al., Molecular characterization of a phospholipase D generating 
anandamide and its congeners, J. Biol. Chem. 279 (7) (2004) 5298–5305.

[57] D. Leung, et al., Inactivation of N-acyl phosphatidylethanolamine phospholipase D 
reveals multiple mechanisms for the biosynthesis of endocannabinoids, 
Biochemistry 45 (15) (2006) 4720–4726.

[58] M.J. Niphakis, et al., Evaluation of NHS carbamates as a potent and selective class 
of endocannabinoid hydrolase inhibitors, ACS Chem. Neurosci. 4 (9) (2013) 
1322–1332.

[59] J.D. Manna, et al., Identification of the major prostaglandin glycerol ester 
hydrolase in human cancer cells, J. Biol. Chem. 289 (49) (2014) 33741–33753.

[60] B. Wang, et al., Metabolism pathways of arachidonic acids: mechanisms and 
potential therapeutic targets, Signal Transduct. Target Ther. 6 (1) (2021) 94.

[61] O. George, G.F. Koob, Individual differences in the neuropsychopathology of 
addiction, Dialog. Clin. Neurosci. 19 (3) (2017) 217–229.

[62] G.F. Koob, Neurobiology of opioid addiction: opponent process, hyperkatifeia, and 
negative reinforcement, Biol. Psychiatry 87 (1) (2020) 44–53.

[63] G.F. Koob, Anhedonia, hyperkatifeia, and negative reinforcement in substance use 
disorders, Curr. Top. Behav. Neurosci. 58 (2022) 147–165.

[64] A.M. Borruto, et al., Genetically selected alcohol-preferring msP rats to study 
alcohol use disorder: anything lost in translation? Neuropharmacology 186 (2021) 
108446.

[65] H.Y. Hung, et al., LVV-hemorphin-7 (LVV-H7) plays a role in antinociception in a 
rat model of alcohol-induced pain disorders, Peptides 136 (2021) 170455.

[66] F. Bosch-Morell, et al., Chronic ethanol feeding induces cellular antioxidants 
decrease and oxidative stress in rat peripheral nerves. effect of S-adenosyl-L- 
methionine and N-acetyl-L-cysteine, Free Radic. Biol. Med. 25 (3) (1998) 365–368.

[67] V. Tiwari, A. Kuhad, K. Chopra, Amelioration of functional, biochemical and 
molecular deficits by epigallocatechin gallate in experimental model of alcoholic 
neuropathy, Eur. J. Pain. 15 (3) (2011) 286–292.

[68] V. Tiwari, A. Kuhad, K. Chopra, Tocotrienol ameliorates behavioral and 
biochemical alterations in the rat model of alcoholic neuropathy, Pain 145 (1-2) 
(2009) 129–135.

[69] O.A. Dina, et al., Key role for the epsilon isoform of protein kinase C in painful 
alcoholic neuropathy in the rat, J. Neurosci. 20 (22) (2000) 8614–8619.

[70] H.Y. Hung, et al., Patients with alcohol use disorder increase pain and analgesics 
use: a nationwide population-based cohort study, Drug Alcohol Depend. 229 (Pt 
A)) (2021) 109102.

[71] A. Erol, V.M. Karpyak, Sex and gender-related differences in alcohol use and its 
consequences: contemporary knowledge and future research considerations, Drug 
Alcohol Depend. 156 (2015) 1–13.

[72] A. Flores-Bonilla, and H.N. Richardson, Sex Differences in the Neurobiology of Alcohol 
Use Disorder. Alcohol Res. 40 (2) (2020) 04.

[73] G. Donvito, et al., The endogenous cannabinoid system: a budding source of targets 
for treating inflammatory and neuropathic pain, Neuropsychopharmacology 43 (1) 
(2018) 52–79.

[74] T. Abo, et al., Activation of extrathymic T cells in the liver and reciprocal 
inactivation of intrathymic T cells by bacterial stimulation, Cell Immunol. 142 (1) 
(1992) 125–136.

[75] F. Alen, et al., PPARalpha/CB1 receptor dual ligands as a novel therapy for alcohol 
use disorder: evaluation of a novel oleic acid conjugate in preclinical rat models, 
Biochem Pharm. 157 (2018) 235–243.

[76] L.A. Natividad, et al., Constitutive INcreases in Amygdalar Corticotropin-releasing 
Factor and Fatty Acid Amide Hydrolase Drive an Anxious Phenotype, Biol. 
Psychiatry 82 (7) (2017) 500–510.

[77] D. Kirson, et al., CB(1) and ethanol effects on glutamatergic transmission in the 
central amygdala of male and female msP and Wistar rats, Addict. Biol. 23 (2) 
(2018) 676–688.

[78] E.S. Krames, The role of the dorsal root ganglion in the development of neuropathic 
pain, Pain. Med. 15 (10) (2014) 1669–1685.

[79] B.S. Scott, B.A. Edwards, Effect of chronic ethanol exposure on the electric 
membrane properties of DRG neurons in cell culture, J. Neurobiol. 12 (4) (1981) 
379–390.

[80] M. Nishio, T. Narahashi, Ethanol enhancement of GABA-activated chloride current 
in rat dorsal root ganglion neurons, Brain Res. 518 (1-2) (1990) 283–286.

[81] H.L. Pellkofer, et al., The major brain endocannabinoid 2-AG controls neuropathic 
pain and mechanical hyperalgesia in patients with neuromyelitis optica, PLoS One 
8 (8) (2013) e71500.

[82] S. Petrosino, et al., Changes in spinal and supraspinal endocannabinoid levels in 
neuropathic rats, Neuropharmacology 52 (2) (2007) 415–422.

[83] N. Murataeva, A. Straiker, K. Mackie, Parsing the players: 2-arachidonoylglycerol 
synthesis and degradation in the CNS, Br. J. Pharm. 171 (6) (2014) 1379–1391.

V. Borgonetti et al.                                                                                                                                                                                                                              Pharmacological Research 209 (2024) 107462 

12 

http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref22
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref22
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref22
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref23
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref23
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref23
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref24
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref24
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref24
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref25
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref25
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref25
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref26
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref26
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref26
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref26
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref27
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref27
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref28
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref28
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref28
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref28
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref29
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref29
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref29
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref30
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref30
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref30
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref31
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref31
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref31
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref32
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref32
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref33
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref33
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref33
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref34
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref34
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref35
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref35
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref35
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref35
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref36
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref36
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref36
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref37
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref37
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref38
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref38
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref38
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref39
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref39
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref39
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref40
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref40
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref40
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref41
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref41
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref42
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref42
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref43
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref43
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref43
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref43
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref44
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref44
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref45
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref45
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref45
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref46
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref46
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref47
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref47
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref47
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref48
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref48
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref49
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref49
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref49
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref49
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref50
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref50
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref50
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref51
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref51
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref51
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref52
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref52
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref53
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref53
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref53
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref54
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref54
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref55
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref55
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref55
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref56
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref56
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref57
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref57
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref57
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref58
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref58
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref58
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref59
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref59
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref60
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref60
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref61
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref61
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref62
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref62
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref63
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref63
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref64
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref64
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref64
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref65
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref65
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref66
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref66
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref66
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref67
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref67
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref67
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref68
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref68
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref68
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref69
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref69
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref70
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref70
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref70
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref71
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref71
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref71
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref72
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref72
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref73
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref73
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref73
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref74
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref74
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref74
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref75
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref75
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref75
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref76
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref76
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref76
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref77
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref77
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref77
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref78
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref78
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref79
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref79
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref79
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref80
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref80
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref81
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref81
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref81
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref82
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref82
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref83
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref83


[84] H. Kanda, et al., Localization of prostaglandin E2 synthases and E-prostanoid 
receptors in the spinal cord in a rat model of neuropathic pain, Brain Res. 1750 
(2021) 147153.

[85] M.A. Bakooshli, et al., Regeneration of neuromuscular synapses after acute and 
chronic denervation by inhibiting the gerozyme 15-prostaglandin dehydrogenase, 
Sci. Transl. Med. 15 (717) (2023) eadg1485.

[86] S. Noor, et al., Prenatal alcohol exposure dysregulates spinal and circulating 
immune cell circular RNA expression in adult female rats with chronic sciatic 
neuropathy, Front. Neurosci. 17 (2023) 1180308.

V. Borgonetti et al.                                                                                                                                                                                                                              Pharmacological Research 209 (2024) 107462 

13 

http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref84
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref84
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref84
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref85
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref85
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref85
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref86
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref86
http://refhub.elsevier.com/S1043-6618(24)00407-9/sbref86

	Excessive alcohol intake produces persistent mechanical allodynia and dysregulates the endocannabinoid system in the lumbar ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Two-bottle choice (2BC) alcohol access procedure
	2.3 Experimental design overview
	2.4 Measurement of mechanical allodynia with von Frey filaments
	2.5 Calculation of the allodynia development index during alcohol and abstinence
	2.6 Lumbar dorsal root ganglia extraction
	2.7 Targeted lipidomic analysis of tissue samples
	2.8 Nomenclature of eCBs
	2.9 Statistical analyses

	3 Results
	3.1 Baseline mechanical allodynia and lumbar DRG lipids differ between Wistar and msP rats
	3.2 Evaluation of mechanical allodynia during alcohol-exposure in Wistar and msP rats
	3.3 msP rats develop long-lasting allodynia during alcohol abstinence
	3.4 Effect of chronic alcohol consumption on lipids in lumbar dorsal root ganglia
	3.5 Dysregulation of PGE2/PGD2 and TXB2 levels in female msP rats

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


