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Abstract

Background and Purpose: Chronic pain is considered a key factor contributing to
alcohol use disorder (AUD). The mechanisms responsible for chronic pain associated
with chronic alcohol consumption are unknown. We evaluated the development of
chronic pain in a mouse model of alcohol dependence and investigate the role of
neuroinflammation.

Experimental Approach: The chronic-intermittent ethanol two-bottle choice CIE-
2BC paradigm generates three groups: alcohol-dependent with escalating alcohol
intake, nondependent (moderate drinking) and alcohol-naive control male and female
mice. We measured mechanical allodynia during withdrawal and after the last volun-
tary drinking. Immunoblotting was used to evaluate the protein levels of IBA-1, CSFR,
IL-6, p38 and ERK2/1 in spinal cord tissue of dependent and non-dependent animals.
Key Results: We found significant escalation of drinking in the dependent group in
male and female compared with the non-dependent group. The dependent group
developed mechanical allodynia during 72 h of withdrawal, which was completely
reversed after voluntary drinking. We observed an increased pain hypersensitivity
compared with the naive in 50% of non-dependent group. Increased IBA-1 and CSFR
expression was observed in spinal cord tissue of both hypersensitivity-abstinence
related and neuropathy-alcohol mice, and increased IL-6 expression and ERK1/2 acti-
vation in mice with hypersensitivity-related to abstinence, but not in mice with
alcohol-evoked neuropathic pain.

Conclusions and Implications: The CIE-2BC model induces two distinct pain condi-
tions specific to the type of ethanol exposure: abstinence-related hypersensitivity in
dependent mice and alcohol-evoked neuropathic pain in about a half of the non-

dependent mice.

Abbreviations: 2BC, two-bottle choice; 2BC-N, two-bottle choice with neuropathic pain; CIE-2BC, chronic-intermittent ethanol two-bottle choice; IBA-1, ionized calcium-binding adapter

molecule-1; MAPKSs, mitogen-activated protein kinases.
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1 | INTRODUCTION

Alcohol use disorder (AUD) is a serious public health concern. It is a
multifactorial condition characterized by genetic, environmental and
neurobiological components (Cui et al., 2015). Epidemiological data
indicate a strong association between chronic pain and alcohol use
disorder (Beasley et al., 2016). More than half of alcohol use disorder
patients experience significant persistent pain, with a higher preva-
lence in women (about 60%) than in men (about 50%) (Boissoneault
et al,, 2019). The increase of pain in alcohol use disorders is likely due
to multiple factors that occur at different times from the first expo-
sure of alcohol (Robins et al., 2019).

Clinical investigations show that alcohol use can cause increased
pain both acutely, during alcohol withdrawal (Jochum et al., 2010) and
chronically through alcoholic neuropathy (Monforte et al., 1995). Dur-
ing withdrawal in dependent individuals, allodynia, defined as harm-
less stimuli being perceived as painful (Jensen & Finnerup, 2014), is
considered as an abstinence-related pain hypersensitivity and is a neg-
ative emotional state caused by alcohol dependence (Egli et al., 2012).
Generally, patients suffering from allodynia drink alcohol to reduce
pain (Brennan et al., 2005; Riley & King, 2009). On the other hand, an
alcoholic neuropathy may not be associated with the development of
dependence, but results from chronic consumption of alcohol (Beasley
et al., 2016; Macfarlane et al., 2015). Alcoholic peripheral neuropathy
is associated with a significant decrease in quality of life and a
decrease in nociceptive threshold (Chopra & Tiwari, 2012; Dina
et al., 2006). The mechanisms mediating chronic alcohol-induced allo-
dynia and neuropathy are controversial (Edwards et al., 2020). The rat
models of the chronic ethanol exposure reported mechanical allodynia
(Edwards et al., 2012) and hyperalgesia (Avegno et al., 2018; Roltsch
Hellard et al., 2017) in the dependent male rats undergoing with-
drawal. Recent mouse studies have reported sex- and time course-
specific mechanical and heat hyperalgesia during the alcohol with-
drawal (Brandner et al., 2023).

Regardless of ethanol exposure (e.g. liquid diet, oral gavage and
ethanol vapour), ethanol dependence in rodents is induced by pro-
longed repeated cycles of ethanol exposure and interspersed with-
drawals that lead to the emergence of negative emotional state
(Becker & Lopez, 2004; Patel et al., 2021, 2022; Vendruscolo &
Roberts, 2014). Our group has extensively employed the chronic
intermittent ethanol vapour paradigm (Rogers et al., 1979) of alcohol
dependence in both rats (Khom, Steinkellner, et al., 2020; Khom,
Wolfe, et al., 2020; Varodayan et al., 2017; Varodayan et al., 2022)
and mice (Bajo et al., 2014, 2019; Patel et al., 2019, 2021, 2022;
Warden et al., 2020). In this study, we used the chronic intermittent
ethanol vapour-two-bottle choice (CIE-2BC) (Becker & Lopez, 2004)
paradigm that mimics different phenotypes in alcohol use disorder

including alcohol dependence. A strength of this established CIE-2BC

What is already known?

e Unrelieved chronic pain is considered a key factor to the
maintenance of alcohol use disorder.
o Urgent need for predictive preclinical model of produced

by excessive alcohol consumption.

What does this study add?

¢ Mouse model of two pathological pain conditions associ-
ated with alcohol use disorder was used.
e Abstinence-related allodynia and alcohol-evoked neuro-

pathic pain in both male and female animals.

What is the clinical significance?

e Development of a preclinical model that is predictive of
alcohol-related chronic pain

o Targeting IL-6 and microglial activation might be used to

neuropathic  pain  and

alleviate  alcohol-evoked

hyperalgesia.

paradigm is that it generates three experimental groups: - (1) alcohol-
dependent mice, characterized by escalation of their ethanol drinking,
a hallmark of dependence, (2) non-dependent mice, mimicking moder-
ate drinking and (3), alcohol-naive control mice with no alcohol expo-
sure (Bajo et al., 2014, 2019). This paradigm enables us to study
mechanical allodynia (Bosch et al., 1978; Cobos et al., 2018; Tiwari
et al., 2009, 2011), alcohol-evoked neuropathic pain and activation of
the immune response in the spinal cord (Cobos et al., 2018; Grace
et al., 2021), not only in the mice that develop alcohol dependence,
but also in those mice consuming chronically alcohol without develop-
ment of dependence in both sexes.

Although the spinal cord represents an important gateway for
transporting peripheral signals to brain level areas (Todd, 2010), much
work on roles of microglia in alcohol induced pain pathology has
focused on supraspinal CNS area (Robins et al., 2019). Microglia is
deeply involved in the pathogenesis of neuropathic pain (Inoue &
Tsuda, 2018; Tsuda et al., 2005) and microgliosis participates in the
communication between spinal and supraspinal tissue in the develop-
ment of chronic alcohol pain (Kohno et al., 2022), as observed in other

chronic pain conditions (Borgonetti & Galeotti, 2023; Guan
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et al, 2015; Lee & Kim, 2020; Liu & Quan, 2018). Notably, we
recently used the CIE-2BC model to demonstrate that microglia in the
central nucleus of the amygdala is critical for the development and
progression of alcohol use disorder. Hence, we investigated the role
of microglia on the development of chronic alcohol-induced allodynia
and neuropathy at the level of the spinal cord tissue.

2 | METHODS

21 | Animals

We used adult male and female C57BL/6J mice (10-11 weeks old,
male 27.3 g-female 19.8 g at the start of the paradigm; Jackson Labo-
ratories, n = 92). All mice were housed 3-4 per cage in individually
ventilated caging (IVC) under sanitary conditions in light (12 h on,
12 h off) and temperature (21 + 2°C) controlled vivarium rooms with
food (Bedding: #12000 Newco Virgin Aspen Hardwood Shavings) and
water available ad libitum. Lights on 8:00 PM, off 8:00 AM. All proce-
dures involving the housing and use of experimental animals were
approved by the Scripps Research Institutional Animal Care and Use
Committee (IACUC) and National Institutes of Health Guide for the
Care and Use of Laboratory Animals and are reported in compliance
with the ARRIVE guidelines (Percie du Sert et al., 2020) and with the
recommendations made by the British Journal of Pharmacology (Lilley
et al.,, 2020).

2.2 | Alcohol exposure

Three groups of C57BL/6J mice were produced with differing alcohol
experience: - alcohol naive, alcohol experienced but not dependent
(two-bottle choice, 2BC) and alcohol dependent (chronic intermittent
ethanol two-bottle choice, CIE-2BC). Previous studies have shown
that CIE-2BC mice present signs of dependence relative to the other
groups, including increased alcohol drinking and effects on behaviour
and sleep (Bajo et al., 2019; Bloch et al., 2022; Huitron-Resendiz
et al, 2018; Okhuarobo et al., 2022; Patel et al., 2021; Sidhu
et al., 2018; Warden et al., 2020). For this study we used two cohorts
of animals: - (i) both males and females (Cohort 1, n = 56) and (ii) only
male C57BL/6J mice (Cohort 2, n = 36). 2BC and CIE-2BC mice were
exposed to a limited-access alcohol (15% w/v) 2BC paradigm, fol-
lowed by either CIE exposure in vapour chambers to induce alcohol
dependence or air exposure in identical chambers. To establish base-
line drinking, 2BC testing was performed 5 days per week for four
consecutive weeks. The mice were singly housed 30 min before lights
off and given 2-h access to two drinking tubes (15% alcohol and
water). Following this baseline phase, the mice were divided into two
balanced groups with equal alcohol and water consumption. Mice in
the CIE-2BC group were injected ip. with 1.75-g-kg™! alcohol
+ 68.1-mg-kg™? pyrazole (alcohol dehydrogenase inhibitor) and placed
in alcohol vapour chambers for 4 days (16 h vapour on, 8 h off). These

pyrazole + alcohol injections prior to each exposure to the vapour
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chambers stabilizes blood alcohol levels in the target range and
decreases variability across exposure and between mice
(Griffin, 2014). Blood alcohol levels (BALs) were determined immedi-
ately upon vapour chamber removal on the third day of exposure.
Alcohol drip rates were manipulated to maintain blood alcohol levels
of 150-200 mg-dl~Y. Naive and non-dependent (2BC) mice were
injected with 68.1 mg-kg™2 pyrazole in saline and placed into identical
caging and exposed to air. No analgesia was used for the ethanol
+ pyrazole or pyrazole only injections as this would interfere with the
response to alcohol.

Vapour/air exposure was followed by 72 h of abstinence and
5 days of 2BC testing. This regimen was repeated four additional
times for a total of five full rounds. Before killing, CIE-2BC mice were
exposed to a single alcohol vapour exposure (16 h) and tail blood was
collected to determine terminal blood alcohol levels (Figure 1a).
Euthanasia of the mice was performed according to an approved ani-
mal protocol, with the being mice deeply anaesthetised with 3%-5%
isoflurane and rapidly decapitated.

2.3 | von Frey test
Mechanical allodynia was measured using von Frey filaments with
ascending force as previously reported (Borgonetti & Galeotti, 2021).
This method is based on the application of monofilaments (0.04, 0.07,
0.16, 0.4, 0.6, 1.0, 1.4 and 2.0 g) to the plantar surface of both hind
paws, with increasing force until a withdrawal response is elicited. The
force of von Frey filaments that elicits this positive response is desig-
nated as the mechanical withdrawal threshold. If the paw was not
lifted after 5s, we used the next filament with an increased force.
Four measurements were collected for each mouse.

The measurements were conducted 8, 24, 48 and 72 h after the
last vapour session and immediately after 2BC test. We chose a
threshold value of 1, which was calculated by taking the averages of
the naive group's mechanical threshold during the entire time course
of withdrawal. Mice with lower mechanical thresholds at three of four
different timepoints were assigned to the neuropathy group (2BC-N).

24 | Tissue lysate

The mice were anaesthetised with 3%-5% isoflurane and rapidly
decapitated, and the spinal cord and both sciatic nerves were rapidly
removed, snap-frozen in isopentane, and stored at -80°C
(Borgonetti & Galeotti, 2021). Samples were homogenized in RIPA
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% sodium deoxyco-
late, 1% Triton X-100, and 2 mM phenylmethylsulfonyl fluoride) with
5-mM ethylene glycol tetra-acetic acid and protease inhibitors
(1:100). The homogenate was centrifuged at 12,000 x g for 30 min at
4°C and the pellet was discarded. Tissue homogenates were heated at
95°C for 5 min and the total protein concentration was measured
using the DC protein assay (Bio-Rad, Hercules, CA, USA). The samples
were aliquoted and stored at —80°C until use.
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(a) Schematic representation of chronic intermittent ethanol two-bottle choice (CIE-2BC) paradigm. (b) Average blood alcohol

levels achieved during weeks of CIE vapour exposure in dependent female and male mice (CIE-2BC). (c, d) Average alcohol intake during two-
bottle choice (2BC) sessions in the final baseline week and following rounds of air or CIE vapour exposure. (c) Male 2BC and CIE-2BC mice (two-
way ANOVA followed by Sidak's multiple-comparison post hoc test, F5 94 = 9.72, P < 0.05). (d) Female 2BC and CIE-2BC mice (two-way ANOVA
followed by Sidak's multiple-comparison post hoc test, F5 105 = 2.422, *P < 0.05).

2.5 | Western blot analysis

Western blot analyses were conducted to evaluate changes in protein
levels in the spinal cord and sciatic nerve in mice as previously
described (Borgonetti & Galeotti, 2021). Briefly, protein samples
(40 pg) were separated by sodium dodecy! sulfate-polyacrylamide gel
electrophoresis on 12% acrylamide gels using a Tris/Tricine/SDS buffer
system (ThermoFisher). The gels were electrophoretically transferred to
polyvinylidene difluoride membranes. Membranes were blocked for 2 h
in 5% non-fat milk at room temperature and incubated overnight in 5%
non-fat milk with primary antibody at 4°C. The primary antibodies
included mouse macrophage-colony stimulation factor, a receptor
involved in signalling necessary for microglia viability (Elmore
et al, 2014) (colony stimulating factor 1 receptor [CSFR]; 1:1000;
Abcam, catalogue no. 1876-1, RRID:AB_765017), ionized calcium-
binding adapter molecule-1 (IBA-1) also known as allograft inflamma-
tory factor 1 (AIF-1), microglia-marker calcium-binding protein (Lituma
et al., 2021) (IBA-1; 1:500; Abcam, catalogue no. ab153696, RRID:AB_
2889406), the mitogen-activated protein kinases (MAPKSs) phosphory-
lated p38 mitogen-activated protein kinase, (p-p38; 1:1000; Cell Sig-
naling Technology, catalogue no.4511, RRID:AB_2139682), total p38
(t-p38; 1:1000; Cell Signaling Technology, catalogue no.9212, RRID:
AB_330713), phosphorylated extracellular signal regulated kinase 44/
42, mitogen-activated protein kinase 44/42 (p-ERK44/42; 1:1000;

Cell Signaling Technology, catalogue no0.9101, RRID:AB_2315112),
total ERK44/42 (t-ERK2/3; 1:1000; Cell Signaling Technology, cata-
logue n0.5013, RRID:AB_10693607) that regulated diverse cellular pro-
grams by relaying extracellular signals to intracellular responses (Ji
et al., 2009), interleukin 6, a pleiotropic cytokine described in a wide
range of pathological conditions as a potent inducer and modulator of
microglial activation (Zhou et al., 2016) (IL-6; 1:500, Abcam, catalogue
no.ab6672, RRID:AB_2127460) and S100, the most widely used
marker of myelination state of peripheral nerves (de Logu et al., 2019)
(1:500, Abcam, catalogue no.ab109494, RRID:AB_10859000). Mem-
branes were washed and incubated with species-specific peroxidase-
conjugated secondary antibody (1:10,000; Jackson ImmunoResearch)
for 2 h at room temperature. Membranes were washed, incubated in
chemiluminescent reagent and exposed to film. Following film develop-
ment, membranes were stripped for 30 min at room temperature to
reprobe the blot with another antibody (Restore, Thermo Scientific
Fisher). The signal intensity (pixels-mm~2) was quantified using ImageJ
software (National Institute of Health, Bethesda, MD, USA). The p38
activation state (a-p38) and activated ERK (a-ERK) was calculated mak-
ing the ratio between phosphorylated (p)-form/total (t)-form. The signal
intensity was normalized to GAPDH (1:5000, Cell Signaling Technol-
ogy). The Immuno-related procedures used comply with the recom-
mendations made by the British Journal of Pharmacology (Alexander
etal., 2018).
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2.6 | Statistical analysis

The data and statistical analysis comply with the recommendations
and requirements of the British Journal of Pharmacology on experimen-
tal design and analysis (Curtis et al., 2018).

We used Prism 9.0 software (GraphPad, San Diego, CA, USA) for
the statistical analyses. Sample sizes subjected to statistical analysis
was at least 7 animals per group. The group size (n), where n = num-
ber of independent values, in different experiment for each group
in vivo and in vitro, is reported in the figure legends and in the results
section. All experimental results are expressed as the mean + SEM.

Student's t test and one- or two-way analyses of variance
(ANOVA:s) followed by appropriate post hoc tests (Sidak's multiple-
comparison test or Tukey's multiple-comparison test, respectively)
were used and marked in the figure legend for each experiment. The

statistical significance criterion was *P < 0.05.

2.7 | Materials

Animal bedding and food (#7090A) were obtained from Harlan Teklad
Aspen Sani-Chip Bedding (West Lafayette, IN, USA). Vapour chambers
were obtained from La Jolla Alcohol Research (La Jolla, CA, USA).
RIPA buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% sodium
deoxycolate, 1% Triton X-100 and 2 mM phenylmethylsulfonyl fluo-
ride) with 5-mM ethylene glycol tetra-acetic acid were obtained from
Sigma-Aldrich (St. Louis, MO, USA) along with protease inhibitors,
ethanol, isoflurane and pyrazole (alcohol dehydrogenase inhibitor).
Polyvinylidene difluoride membranes were obtained from GE Health-
care (Piscataway, NJ, USA), while chemiluminescent reagent was
obtained from Immobilon Crescendo Western HRP Substrate
(Millipore, Billerica, MA, USA). Details of other materials and suppliers

were provided in the specific sections.

2.8 | Nomenclature of targets and ligand

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
https://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander
etal, 2021).

3 | RESULTS

3.1 | Chronic intermittent ethanol two-bottle
choice (CIE-2BC) model generated alcohol-dependent
mice

We used the CIE-2BC paradigm to generate alcohol dependence in
C57BL/6J mice (Becker & Lopez, 2004) with the timeline depicted in
Figure 1a. In this first study, Cohort 1 generated three different
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groups of animals: - (1) naive mice (n = 7 males, seven females) that
did not receive alcohol, (2) non-dependent mice (2BC; n = 10 males,
10 females) that received only 2BC and (3) dependent mice (CIE-2BC;
n=9 males, 10 females) that received CIE-2BC. CIE-2BC mice
achieved average blood alcohol levels across the four rounds of CIE of
179.82 + 5.52 and 178.505 + 13.97 mg-dlI~! for males and females,
respectively (Figure 1b). A significant escalation of drinking, a marker
of a dependence-like phenotype (Bajo et al., 2014, 2019; Becker &
Lopez, 2004; Patel et al., 2019), was observed in the CIE-2BC group
compared to the 2BC group of both sexes, with an average daily
ethanol intake during the last round of 2BC in CIE-2BC mice of 3.412
+0.39 gkg ! for males (Figure 1c) and 3.716 + 0.42 g-kg™! for
females (Figure 1d) compared with 0.724 + 0.25 g-kg™? (Figure 1c) for
male and 1.942 + 0.407 g-kg~? for female (Figure 1d) 2BC mice.

3.2 | Chronic intermittent ethanol two-bottle
choice model induced mechanical allodynia-related to
abstinence in dependent male and female mice

We used von Frey filaments to measure the development of mechani-
cal allodynia in this model. Male dependent (CIE-2BC) mice lowered
mechanical thresholds after 8 h (0.404 + 0.29 g) of abstinence and
remained stable with a non-significant trend of further reducing the
threshold hitch at 24 h (0.364 £ 0.17 g), 48 h (0.310 £ 0.14 g) and
72 h (0.281 + 0.14 g; Figure 2a) of the abstinence compared to naive
mice (8 h: 1.34 + 0.47 g; 24 h: 1.6 £+ 0.40g; 48 h: 1.11 £ 0.30 g; 72 h:
1.46 + 0.45 g; Figure 2a).

When we tested the mechanical thresholds following the 2BC
(voluntary drinking), the dependent male mice drinking alcohol during
the 2BC period and the mechanical threshold increased to the levels
found in the non-dependent mice (0.756 + 0.41 g), but still lower
compared to the naive males (Figure 2a).

Dependent female mice showed significant reduction in the
mechanical thresholds as early as 8 h (CIE-2BC: 0.276 +0.051 g
Figure 2b) of abstinence that persisted at 24 h (CIE-2BC: 0.295
+0.044 g Figure 2b), 48 h (CIE-2BC: 0.295 + 0.044 g Figure 2b) and
72 h (CIE-2BC: 0.282 + 0.057 g; Figure 2b). After the last session of
2BC, acute alcohol drinking (2BC) increased the mechanical thresholds
produced by abstinence in dependent females, with values comparable
to the 2BC group (1.040 + 0.15 g; Figure 2b). Notably, although there
were no significant differences in mechanical allodynia between depen-
dent males and females during abstinence (Figure 2c), dependent
females showed a stronger significance (P = 0.0211) in the reversal of
mechanical allodynia compared to males immediately after ethanol
drinking (Figure 2c). Interestingly, the ethanol intake of female mice,
measured immediately before von Frey measurement, was significantly
higher than in males (P =0.0489; male: 2.77 + 0.25 g-kg™! female:
4.03 + 0.50; Figure 2d), suggesting that the ethanol drinking effects
could correlate with the amount of alcohol ingested.

From these results, male and female dependent mice developed a
hypersensitivity to mechanical stimulus-related to abstinence, which

is reversed by alcohol drinking.
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(a-c) Measurement of mechanical allodynia with von Frey filaments in naive, two-bottle choice (2BC) and chronic intermittent

ethanol vapour-two-bottle choice (CIE-2BC mice). (a) Male mice (two-way ANOVA followed by Tukey's multiple-comparison post hoc test,
F8,113 = 1.837, *P < 0.05). (b) Female mice (two-way ANOVA followed by Tukey's multiple-comparison post hoc test, F8,120 = 3.195,

*P < 0.05). (c) Comparison of mechanical allodynia between male and female CIE-2BC mice during withdrawal and after the final 2BC test (two-
way ANOVA followed by Sidak's multiple-comparison post hoc test, F4,84 = 2.632, *P < 0.05). (d) Ethanol intake during the 2BC performed
before von Frey measurement in female and male CIE-2BC (Student's unpaired t test, *P < 0.05).

3.3 | Dependent male mice developed a long-
lasting mechanical allodynia during abstinence

To confirm the results related to allodynia from Cohort 1, we repeated
the CIE-2BC model in a second cohort of male mice (Cohort 2) and
replicated the escalated drinking in dependent (CIE-2BC) mice
(n=15) compared with non-dependent (2BC) mice (n=21). In
Cohort 2, we used only male mice because in Cohort 1 no significant
differences in mechanical allodynia were observed during the with-
drawal phase between male and female mice. CIE-2BC mice achieved
an average blood alcohol levels across the four rounds of vapour of
175 + 7.87 mg-dI~! (Figure 3a). CIE-2BC mice increased weekly alco-
hol intake across weeks, reaching levels of 2.30+0.30 gkg™?!
(Figure 3b). In Cohort 2, we wanted to recapitulate the mechanical
hypersensitivity produced by this model in dependent mice. Similarly,
to Cohort 1 male dependent (CIE-2BC) mice developed mechanical
allodynia after 8 h (0.304 + 0.03 g, Figure 3c) of abstinence, which
remained stable until the 72h (0.220 £ 0.03 g;
abstinence.

Figure 3c) of

34 | CIE-2BC induces microgliosis and mitogen-
activated protein kinase activation in spinal cord of
male and female mice

After the in vivo experiments, we tested our hypothesis that CIE-2BC-
induced mechanical hypersensitivity (allodynia) is mediated by the
neuroimmune response, particularly by activated microglia in the spi-
nal cord. Therefore, we examined protein levels of IBA1 and colony
stimulating factor 1 receptor (CSFR) markers of microglial cells and
2015;
et al., 2021), respectively, in the spinal cord in mice from both Cohorts
1 and 2. Our results showed that dependent mice (CIE-2BC) exhibited
significantly increased expression of IBA1 (Figure 4a) and CSFR

microglial intracellular signalling (Guan et al., Lituma

(Figure 4b) compared with naive mice. Moreover, protein levels of
pro-inflammatory interleukin 6 (IL-6; Figure 4c) were increased in
dependent mice compared with naive and non-dependent mice.
Focusing on microglial mitogen-activated protein kinase (MAPK),
we did not observe differences between the 2BC and CIE-2BC groups
in phosphorylated-p38 (p-p38) expression, but we detected an
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FIGURE 3 Second cohort of male mice developed mechanical
allodynia in chronic intermittent ethanol vapour-two-bottle choice
(CIE-2BC) model. (a) Blood alcohol levels in a second cohort of male
mice in the CIE-2BC exposure paradigm. (b) Average alcohol intake in
two bottle choice (2BC) sessions during the final baseline week and
following air or CIE vapour exposure weeks in 2BC and CIE-2BC male
mice (two-way ANOVA followed by Sidak's multiple-comparison post
hoc test, F5,188 = 2.441, *P < 0.05). (c) Measurement of mechanical
allodynia with von Frey filaments in male 2BC and CIE-2BC mice
(two-way ANOVA followed by Tukey's multiple-comparison post hoc
test, F6,148 = 2.824, *P < 0.05).
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increase in total-p38 (t-p38) expression in both non-dependent and
dependent mice compared with naive mice (Figure 4d). Similarly, we
found no significant changes in phosphorylated-ERK42 or phosphory-
lated-ERK44 expression in either dependent or non-dependent mice
(Figure 4e,f). We observed a significant increase in total-ERK42 and
total-ERK44 protein levels in the dependent mice compared with the

non-dependent and naive mice (Figure 4e,f).

3.5 | Chronic ethanol consumption induced
neuropathy in 40-50% of 2BC mice

During alcohol withdrawal, the non-dependent (2BC) males reduced
mechanical threshold 8 h after the last exposure to air that lasted up
to 72h (8h: 0.760+0.32g; 24h: 0.820+0.36g; 48 h: 0.740
+0.30 g; 72 h: 0.88 + 0.33 g; Figure 2a) compared to the naive group.
In females, non-dependent mice did not show significant (P = 0.2241)
changes in the mechanical thresholds at the 8 h time point (naive:
1.25 £ 0.44 g; 2BC: 0.980 + 0.113 g Figure 2b) but showed a signifi-
cant (P = 0.0001) decrease at 24 h (naive: 1.60 + 0.40 g; 2BC: 0.760
+0.102 g Figure 2b) and 48 h (naive: 1.48 +0.22 g; 2BC: 0.880
+ 0.116 g Figure 2b), which disappeared at 72 h (naive: 1.20 + 0.50 g;
2BC: 0.880 + 0.116 g; Figure 2b). When we tested the mechanical
thresholds following the 2BC (voluntary drinking), we found no signifi-
cant effects of the drinking on the mechanical threshold both in the
non-dependent males (0.900 + 0.34 g; Figure 2a) and non-dependent
females (0.960 + 0.16 g; Figure 2b) compared with the previous
measurements.

Given that the non-dependent group showed a long-lasting
increase in pain sensitivity compared with the naive group, to identify
potential heterogeneity in mechanical thresholds, we combined 2BC
female (n=10) and male (n =25) mice from the two different
cohorts in Figure 5a. In the non-dependent group, we did not expect
changes in mechanical hypersensitivity after acute alcohol consump-
tion, as acute alcohol consumption-induced reduction in allodynia in
dependent mice (Figure 2c) is typical for withdrawal-related hypersen-
sitivity. Indeed, alcohol drinking did not change mechanical thresholds
in the non-dependent mice (Figure 2a,b), which led us to hypothesize
that some of the non-dependent mice developed a chronic-
neuropathic pain represented by baseline allodynia irreversible by
acute alcohol intake. We chose a threshold value of 1, which was cal-
culated by taking the averages of the naive group's mechanical thresh-
old during the entire time course of withdrawal. Based on this
criterion, we stratified the male (Figure 5b) and female (Figure 5c)
non-dependent mice (2BC) in two different subunits: mice with
alcohol-evoked neuropathic pain (2BC-N; mechanical threshold <1)
and mice alcohol-evoked neuropathic pain (2BC; mechanical threshold
>1). In approximately half of the non-dependent mice, we observed
the development of a chronic neuropathic pain.

Non-dependent male mice with neuropathic pain (2BC-N) pos-
sessed a mechanical allodynia significantly higher (P = 0.0012,
Figure 5b) than non-dependent mice without neuropathic pain (2BC).

Similarly, non-dependent female mice with neuropathic pain (2BC-N)
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CIE-2BC mice showed an increase in (a) ionized calcium-binding adapter molecule-1 (IBA-1) also known as allograft inflammatory factor 1 (AIF-1)
(one-way ANOVA followed by Tukey's multiple-comparison post hoc test; *P < 0.05, vs. naive; F2,43 = 3.040), (b) colony stimulating factor

1 receptor (CSFR; one-way ANOVA followed by Tukey's multiple-comparison post hoc test; *P < 0.05, vs. naive; F2,34 = 3.278) and (c) IL-6 (one-
way ANOVA followed by Tukey's multiple-comparison post hoc test, F2,40 = 8.712; *P < 0.05, vs. naive; P < 0.05, vs. 2BC) protein expression.
(d) Protein expression of phosphorylated (p)-p38, total (t)-p38 and activated (a)-p38 in naive, two-bottle choice (2BC) and CIE-2BC mice (two-way
ANOVA followed by Sidak's multiple-comparison post hoc test, F2,81 = 1.256; *P < 0.05, vs. naive). (e) Protein expression of phosphorylated p-
ERK42, total t-ERK42 and activated a-ERK2 (two-way ANOVA followed by Sidak's multiple-comparison post hoc test, F2,86 = 4.039; *P < 0.05,
vs. naive; #P < 0.05, vs. 2BC) and (f) phosphorylated p-ERK44, total t-ERK44 and activated (a)-ERK44 (two-way ANOVA followed by Sidak's
multiple-comparison post hoc test, F2,85 = 4.285; *P < 0.05, vs. naive; #P < 0.05, vs. 2BC) in spinal cord tissue in naive, 2BC and CIE-2BC mice.
The naive group is represented by the black dashed line. Abbreviation: ERK2/1 - mitogen-activated protein kinases 2 and 3, previously known as

extracellular signal regulated kinases 44/42.

developed a significantly (P = 0.002; Figure 5c) higher allodynia than
2BC without neuropathic pain (2BC). It has been reported that 46% of
human chronic alcohol consumers develop peripheral neuropathy
(Chopra & Tiwari, 2012). This is consistent with our data showing that
42.85% (n = 15) of the non-dependent mice developed mechanical
allodynia (2BC-N group; Figure 5b,c), which was not reversed by alco-
hol consumption and a chronic-neuropathic pain.

Moreover, there was an inverse correlation (Pearson r correlation,
Figure 5d) for both male (r = —0.11) and female (r = —0.33), between

level of alcohol drinking and mechanical threshold value: the mice that
drank the most were those that showed a lower threshold value and
therefore had more pain.

To examine whether the observed chronic ethanol-induced
mechanical hypersensitivity is associated with the peripheral neuropa-
thy, we assessed demyelination processes in the sciatic nerve repre-
sented by the loss of Schwan cells, frequently associated with the
peripheral neuropathies (De Logu et al., 2019; Placheta-Gyori
et al.,, 2021). The 2BC-N group showed a significant (P = 0.0001;

85U017 SUOWIIOD BAIIE8.D 8|qed!(dde auy Aq peusenob a1e seoile YO ‘8Sn JO S9N 10} A%eug18U1UO 8|1 UO (SUOIPUOD-pUB-SWSI W0 A8 | 1MAe1q Ul UO//SANY) SUONIPUOD pue SWe | 84} 89S *[£202/S0/2T] Uo Akid1auliuo A8|IM el eueiyood Aq T609T Uda/TTTT 0T/10p/u0o A3 | Akeid i jputuosqndsda//sdny wouy papeojumod ‘0 ‘T8ES9/ YT



14765381, 0, Downloaded from https://bpspubs.onlinelibrary.wiley.com/doi/10.1111/bph.16091 by Cochraneltalia, Wiley Online Library on [12/05/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

2
S
=1 o ©
o] S8 ss@
Q s 8 ¢ 8 o=5 298
2 2= g203% IFn
> o X x < o (3]
Kb ko] N © BoIY o
Caw N T RNa3IY 3B
j==q=) [e) < » Xy o
238 5 e Q8L v
P m 282 3 2yy Bug
- 3
o |
) N q-
5]
| o
O N
* z z
(Sl [S39)
SIS &g
(@]
om o SN
E I N 0 °
< i e
= 1
w I
w ] o
— . —
© o © o NaC © m oo & g
P -~ =} o . Fe3 8 o il 00 >
<2 2 o z o0& : ;
L. (6) ployseuys [eoiueyosw 8 8 od© 3 HER & ° 9eee |5
£ -
.o b= o O ° o ~ «
. L S o 9
w § S 2
. Fo g [Z2B0] * 4
u 8 o & q
< E ol £ o 0 o
m [ m o o e o o o Q
z w Sl a 5 oo o @ «
o —Fs Q o o S Iy
o = ° = ° ® o [
N g 8 8 S @ ui
- N (%] ol « &
* (,6%6) Bunjuup (O] @ d o [} o ) o
|0YooJE JO JUNoWe [ej0} N hd © o © o o ] o 0 o N - - S S
() Q —_ Amm_N o) v_ow. ° - " Gmwﬂu u_evo ° \k’ (oge o1 pioy
m [ O O)  spns| uisoid 4450 ey sjoAd| uigjoid ~ siona) uioid 911
W ~ n/a ~ ; = z
o
N_ ..ﬁllu. < 19} m q m
s _w = 0 @
- .a p NN o
R S— < =z °
0 o @ 2 (€} (%) 3 oo
< - . . 7] © z 2a
i~ B o0 000 O
L] =}
L (6) ploysauy [eo1uEyDBW | ¢ fos Q oo <
. F23 ool & 3
oo * o] o0 2 o8 .“ ¥
e e £ * =z % 8 w
. = o ooom%&o & ° 8 _wwo%o ®
° - ® 8 o o <
c "o} (&) N
. FS £ o 3 Q ] 3
g 00 oo o o o & 3
w b 3 ©
[ w .
W o ° @.@ ) Z oooom&.wu 00 W %a
T
—r—T— 7171 —+3 e @ o w o o o%m o 18 <
0 2 2 8§ ° o - - =] =1 odlo N < Q
u ® A By 9 m:_xc:v (ogz E_M_o: k o ) - ° 3 O, M R
w sfena| uiejosd 001LS 3 T (9]
W _ocoo_m 4O Junowe [ejo} 2
ia ° SoRBY = o8 3 y <
~ —
Q Q ) ~ - o o
Q@ o ®© o w 9o o v o v 9 S
s el (0ge 03 pioy) P P °° c
og ~ sjena| uiejoud Lyl = (ogz 0 pioy) = (0gz 01 pioy) 0]
. ~ sjend) uiejoid sjena) utejoid o0
g
= e &® 9 & 9 =
[ — N - - oS S
W K8 (6) pioyseiy [earueyosw "
=5} w
g [~
o) 2
m O
[aa] ['H



BORGONETTI ET AL.

10 BRITISH
PHARMACOLOGICAL:
SOCIETY

2BC: 1.072 £ 0.07 vs. 2BC-N:0.546 + 0.0749 Figure 5e) decrease in
the S100 levels (marker of myelinated Schwann cells) in the sciatic
nerve compared to the 2BC group.

Because the activation of the immune system has been observed
in the peripheral neuropathies, we also examine activation of the
immune response in the spinal cord in the 2BC-N mice. The cytokine
colony-stimulating factor 1 (CSF1) is de novo expressed in injured sen-
sory neurons and is transported to the spinal cord where it activates
the microglia and leads up-regulation of the genes critical to develop-
ment of allodynia (Guan et al., 2015). We observed an increase in
CSFR (Figure 5g) and ionized calcium-binding adapter molecule-1
(IBA-1) also known as allograft inflammatory factor 1 (AIF-1)
(Figure 5f), a marker of microglial cells, in 2BC-N mice, indicating acti-
vation of microglia and the development of alcohol-induced immune
response and alcohol-evoked neuropathy. Moreover, 2BC-N mice
showed an increase in activation of p38 (a-p38) compared to 2BC
mice (Figure 5h), but there were no significant differences in p-p38 or
t-p38 levels between these two groups. We did not detect differences
in ERK44/42 phosphorylation or activation (Figure 5i,j) and in IL-6
protein levels between 2BC and 2BC-N group (Figure 5k).

4 | DISCUSSION

In this study, we used the CIE-2BC animal model of alcohol depen-
dence and showed that it modelled two different pathological condi-
tions in vivo with different characteristic:- (1) abstinence-related
hypersensitivity in dependent mice, which was developed in 100% of
dependent animal (both female and male groups) and reduced by
acute alcohol administration and (2), alcohol-evoked neuropathic pain,
that was developed in 50% of non-dependent mice in both sexes and
it was not reverted by acute alcohol administration. These two condi-
tions were accompanied by strong spinal microgliosis, which further
confirmed the role of glia in alcohol addiction and the development of
comorbidities. The dysregulation of pain neurocircuitry and neuro-
chemistry is critical in a diverse spectrum of diseases, including alcohol
dependence and the associated negative emotional affect (Egli
et al., 2012). Unrelieved chronic pain is considered a key factor con-
tributing to the maintenance of alcohol use disorder (Karimi

et al., 2022). Alcoholic neuropathy is one of the most common

adverse effects of chronic alcohol consumption. It is estimated that
about half of alcohol use disorder patients in the United States are
affected by some form of neuropathy (Julian et al., 2019), but the pre-
cise incidence among the population is unknown. Patients with
comorbid alcohol use disorder and neuropathy suffer from pain, ataxia
and paraesthesia in the lower limbs. This nerve damage is due to the
direct toxic impact of alcohol, but the precise causes are still unclear
(Zeng et al., 2017). The lack of models of alcoholic neuropathy further
limits investigations of pathological mechanisms (Julian et al., 2019).
Thus, in this study, we chose the CIE-2BC paradigm, an established
model to the study of alcohol dependence, because it is well-
controlled to account for internal variables including stress and
alcohol exposure, allows for precise control of blood alcohol concen-
tration and reliable measures excessive escalated-drinking (Koob &
Volkow, 2016; Vendruscolo & Roberts, 2014) and the negative affect
manifested in altered emotional responsivity, such as anxiety-like
behaviours and irritability (Becker & Lopez, 2004; Bloch et al., 2022;
Okhuarobo et al., 2022; Patel et al., 2022; Sidhu et al., 2018; Warden
et al., 2020). We found that chronic alcohol exposure produced stron-
ger mechanical allodynia during withdrawal in dependent (CIE-2BC)
mice compared with non-dependent (2BC) and naive mice, an effect
that was completely reversed by subsequent acute voluntary drinking.
This effect could be considered abstinence-related pain hypersensitiv-
ity, which is a phenomenon that occurs when the chronic administra-
tion of abused substances is abruptly stopped. Indeed, this
phenomenon has been reported in clinical studies with nicotine
(Bagdas et al., 2018; Baiamonte et al., 2014; Zhang, Yang, et al., 2020)
and opioids (Manning et al., 1996; Mercadante et al., 2019; Roeckel
et al., 2016). Moreover, alcohol use disorder patients report pain dur-
ing the cessation of alcohol consumption and usually drink alcohol to
reduce it (Robins et al., 2019). Our data in mice are consistent with
findings of alcohol-dependent rats developing mechanical hypersensi-
tivity after 8 weeks of CIE vapour exposure (Edwards et al., 2012) and
thermal hyperalgesia following 28 days of alcohol vapour exposure
(Roltsch Hellard et al., 2017).

It is hypothesized that the adaptation of neuronal pathways after
developing dependence may alter pain perception, due to the strong
connection between addiction and pain (Egli et al., 2012; Robins
et al., 2019). Several systems have been investigated for their role in

the development of this condition, such as potassium channels (Kang

FIGURE 5

The two-bottle choice (2BC) group developed alcohol-evoked neuropathic pain (2BC-N). (a) Mechanical threshold in 2BC male and

female mice. (b, c) Separation of 2BC male (b) (*P < 0.05, Student's unpaired t-test) and female (c) (*P < 0.05, Student's unpaired t test) in two
different groups with (2BC-N) and without (2BC) neuropathy. (d) Correlation between total amount of ethanol drinking during and the mechanical
threshold (Pearson r correlation, two-tailed: male r = —0.11 R squared = 0.012 P = 0.58; female r = —0.33 R squared = 0.11 P >0.05). (e) S100
protein expression in sciatic nerve tissue (*P < 0.05, Student's unpaired t test). Evaluation of microglia markers (f) ionized calcium-binding adapter
molecule-1 (IBA-1) also known as allograft inflammatory factor 1 (AIF-1) and (g) colony stimulating factor 1 receptor (CSFR; *P < 0.05, Student's
unpaired t test) in spinal cord. Detection of phosphorylated p-p38, total t-p38 and activated a-p38 (h) (two-way ANOVA followed by Sidak's
multiple-comparison post hoc test, F2,54 = 3.726, *P < 0.05), phosphorylated p-ERK42, total t-ERK42 and activated (a)-ERK2 (i) (two-way
ANOVA followed by Sidak's multiple-comparison post hoc test, F2,54 = 0.04271) and phosphorylated p-ERK44, total t-ERK44 and activated a-
ERK44 (j) (two-way ANOVA followed by Sidak's multiple-comparison post hoc test, F2,54 = 0.1678). (k) IL-6 in spinal cord tissue in the 2BC and
2BC-N groups (*P < 0.05, Student's unpaired t test). Abbreviation: ERK2/1 - mitogen-activated protein kinases 2 and 3, previously known as

extracellular signal regulated kinases 44/42.
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et al,, 2019), histone deacetylases (HDACs), epigenetic modulators
(Pradhan et al., 2019) and cannabinoid receptors (Fu et al., 2021).
However, the exact molecular mechanisms mediating the develop-
ment of abstinence-related hypersensitivity are still unclear.

To our knowledge, our study is the first to determine mechanical
allodynia using von Frey filaments with the mouse CIE-2BC paradigm
in both sexes. Previous studies have mainly determined hyperalgesia
in rats (Avegno et al., 2018; Dina et al., 2006; Edwards et al., 2020; Fu
et al., 2021; Navarro et al., 2008; Pradhan et al., 2019; Roltsch Hellard
et al., 2017; Tessitore et al., 2022). We found no sex differences
between dependent male and female mice in the abstinence-induced
pain hypersensitivity. However, the females exhibited a significantly
more robust reduction of hypersensitivity to the mechanical stimulus
after acute alcohol drinking. This difference may be caused by the
higher alcohol intake in females observed in our study, which is in
accord with previously reported findings (Yoneyama et al., 2008).
Moreover, Brandner et al. (2023) demonstrated a sex difference in
hypersensitivity-state during the 4 weeks of CIE model, in which
vapour exposure produced heat hyperalgesia only in female and not
in male mice (Brandner et al., 2023), and the dependent mice devel-
oped a strong hypersensitivity as early as the first hours of abstinence
(8-72 h). A limitation of the current work is the lack of a longer time-
course, but future studies will assess additional time points to clarify
the trend over time and the resolution of hypersensitivity.

Another strength of our work is that we took advantage of non-
dependent group mimicking moderate drinking (but not dependence),
to measure alcohol-evoked neuropathic pain. We found that
increased hypersensitivity occurred in 40% and 50% of 2BC male and
female mice, respectively, compared with the alcohol naive group.
However, contrary to the dependent mice, the hypersensitivity was
not reversed by the subsequent acute consumption of alcohol and
correlated to the amount of alcohol drinking. Thus, taken together our
findings suggest that the CIE-2BC paradigm is a reproducible mouse
model of ethanol-evoked neuropathic pain. Chronic alcohol consump-
tion induces a painful peripheral neuropathy, which is generally char-
acterized by small-fibre polyneuropathy, that can be diagnosed by
skin biopsy (Chopra & Tiwari, 2012). Bosch et al. (1978) observed the
development of no thiamine-deficiency related alcoholic neuropathy
in male rats after 16-18 weeks of polydipsia and liquid diet para-
digms. In these two models, the animals showed a morphological
change in the distal ventral caudal nerve. Indeed, myelinated fibres
had changes in axonal degeneration, degeneration of mitochondria,
loss of neurotubules, and myelin debris within Schwann-cell cyto-
plasm and macrophages (Bosch et al., 1978). The loss of Schwann cells
represents a key point in the development of neuropathy symptoms,
as Schwann cells actively participate in the development of neuro-
pathic pain (de Logu et al., 2019; Placheta-Gyoéri et al., 2021). In line
with this evidence, our data showing a reduction of the protein
expression of S100, a marker of Schwann cells, in sciatic nerve tissue
in 2BC-N mice compared with 2BC mice indicates neuropathy that
developed in these animals. Small-fibre axons are enclosed within
invaginations of the Schwann-cell membranes and C-fibres represents

an important marker of neuropathy development (Chen &
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Levine, 2007; Zhang, Niu, et al., 2020). The decreased S100 protein
expression observed in our work, support a lack of proper communi-
cation between the peripheral tissues and the CNS results in altered
perception of the mechanical stimulus. These results are consistent
with the small-fibre degeneration associated with alcohol induced
neuropathic pain that can be diagnosed with skin biopsy in heavy
alcohol drinking subjects (Mellion et al., 2014). While our study pro-
vides pathological evidence, we did not conduct an electrophysiologi-
cal evaluation of neuropathy. Therefore, we cannot rule out the
possible association this pathological state might have with changes in
the electrophysiological properties of the sciatic nerve, as reported in
the rats following polydipsia and liquid diet paradigms (Bosch
et al., 1978). Future electrophysiological and morphological studies
will be conducted to better elucidated the damage at the mechanistic
level of the sciatic nerve to characterize the alcohol-evoked neuro-
pathic pain model.

Therapy for the management of alcoholic neuropathic pain is
based on analgesics and opioid alternatives that generally are ineffec-
tive and rarely cure the actual causes. For this reason, research on
alternative targets to be exploited for the management of this chronic
condition is important, particularly studies of pathways that are
involved in both dependence and pain development.

The cause of alcoholic neuropathy was initially attributable to thi-
amine deficiency and malnutrition (de la Monte & Kril, 2014), but this
is not the only reason. Neuropathy depends more on damage to the
central nervous system and microglial activation (Narita et al., 2007).
These observations suggest that damage at the axonal level and func-
tional changes related to prolonged excessive alcohol consumption
are linked to a neuroinflammatory process. The administration of
rolipram, a selective inhibitor of phosphodiesterate-4 that can reduce
levels of proinflammatory cytokines, decreased mechanical allodynia
in male rats exposed to alcohol (Han et al., 2012). Neuroinflammation
is a key contributor to neuropathic pain development and progression,
and to the pathogenesis of alcohol addiction (Streit et al., 2004). As
reported in our recent work, microglia depletion prevented the escala-
tion of voluntary alcohol intake and decreased anxiety-like behaviour
associated with alcohol dependence (Warden et al., 2020). For these
reasons, we are the first to investigate possible microglial activation in
spinal cord tissue in non-dependent 2BC and dependent CIE-2BC
male and female mice. Previously, we reported changes in microglial
and neuroimmune-related gene expression have been identified in
murine and human brains after chronic alcohol consumption (Warden
et al., 2020). Here, we found upregulation of the microglia marker
IBA-1 in the spinal cord of CIE-2BC and 2BC-N groups, as well as
increases in colony stimulating factor 1 receptor (CSFR). Spinal micro-
glia activation has long been considered a significant contributor to
neuropathic pain and growing evidence demonstrates the pivotal role
of the interaction among spinal neurons and microglia in the induction
and maintenance of neuropathic pain (Inoue & Tsuda, 2018; Traiffort
et al., 2020; Tsuda et al., 2005). Indeed, sensory neuron central termi-
nals communicate with microglia via release of the CSFR, which is de
novo expressed in injured neurons. CSFR binds its receptor expressed

by microglia, contributing to activation and up-regulation of genes
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critically involved in the development of allodynia (Guan et al., 2015).
An emerging role in the induction of mechanical allodynia has been
postulated for interactions between macrophages and nociceptive
sensory neurons in the dorsal root ganglia (DRG) through the release
of CFS1. Specifically, CSF1 binds the CSF1 receptor expressed by
both microglia and macrophages, inducing expansion of both resident
microglia in the spinal cord and macrophages in the dorsal root ganglia
and contributing to the neuropathic pain phenotype (Yu et al., 2021).
Notably, we observed a selective increase of IL-6 in the dependent
mice, which was not found in the non-dependent mice. IL-6 is impli-
cated in pain (Serizawa et al., 2021) and is also involved in processes
related to the development of addiction (Dennis et al, 2014;
Doremus-Fitzwater et al., 2014; Roberts et al., 2019). Further func-
tional and morphological experiments will establish specific markers
for alcohol-induced neuropathy including IL-6 pathway that may rep-
resent a specific linkage of the allodynia associated to alcohol
dependence.

Finally, given the role of MAPKs in the spinal mechanisms of neu-
ropathic pain and neuroinflammation (Edelmayer et al., 2014), we inves-
tigated spinal cord expression of the MAPKs p38 and ERK44/42
(mitogen-activated protein kinase 3 and 2), in mice with neuropathy (Ji
et al., 2009). Different MAPK subtypes play assorted roles in the devel-
opment of neuropathic pain and colocalize in different cell subtypes: -
ERK and p38 are mainly expressed in spinal microglia cells. We found
that total-p38 was more highly expressed in dependent (CIE-2BC) mice
than in 2BC mice. This could be related to the duration of the model,
which might have made phosphorylated forms of these proteins less
detectable. Inversely, in mice that developed neuropathy there is a con-
tinuous activation of p38. These increases in p38 pathway activation
are consistent with chronic alcohol-induced neurodegeneration via
upregulation of the adenosine monophosphate-activated protein
kinase/sirtuin-1/p38 pathway in rats and human neuroblastoma cells
(Gu et al., 2018). Likewise, p38 and total-ERK44/42 increased in depen-
dent mice compared with naive mice, support a possible involvement in
the mechanism of hypersensitivity (Sun et al., 2016). Chronic alcohol
exposure induced an increase of ERK phosphorylation, that appears to
be maintained for a longer period in the central nervous system mediat-
ing the anxiolytic and discriminatory stimulating properties of alcohol
exposure (Besheer et al., 2012). Like IL-6 protein expression, there is no
differences in ERK activation between group with neuropathy and
group without neuropathy for ERK activation. Future studies of IL-6
and ERK will provide probably a better understanding of differences

between hypersensitivity-abstinence related and alcoholic neuropathy.

5 | CONCLUSION

Our findings show, for the first time, that the CIE-2BC model in male
and female mice generates two different pain conditions in vivo:
abstinence-related hypersensitivity in dependent mice and alcohol-
evoked neuropathic pain in 50% of non-dependent mice. These two
conditions shared intense microglial activation in spinal cord tissue,

which involves different downstream pathways: dependent mice that

developed abstinence-related allodynia showed an increase in IL-6
expression and ERK44/42 activation, which was not observed in mice
with alcohol-evoked neuropathic pain. This different IL-6 and ERK44/
42 protein expression between hypersensitive dependent mice and
alcohol-evoked neuropathic pain will prompt further investigations of
the involvement of these two microglial pathways in these forms of

pain, which could pave the way for developing targeted therapies.
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