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Converging Effects of Chronic Pain and Binge Alcohol
Consumption on Anterior Insular Cortex Neurons
Projecting to the Dorsolateral Striatum in Male Mice
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Chronic pain and alcohol use disorder (AUD) are highly comorbid, and patients with chronic pain are more likely to meet the criteria
for AUD. Evidence suggests that both conditions alter similar brain pathways, yet this relationship remains poorly understood. Prior
work shows that the anterior insular cortex (AIC) is involved in both chronic pain and AUD. However, circuit-specific changes
elicited by the combination of pain and alcohol use remain understudied. The goal of this work was to elucidate the converging
effects of binge alcohol consumption and chronic pain on AIC neurons that send projections to the dorsolateral striatum (DLS).
Here, we used the Drinking-in-the-Dark (DID) paradigm to model binge-like alcohol drinking in mice that underwent spared nerve
injury (SNI), after which whole-cell patch-clamp electrophysiological recordings were performed in acute brain slices to measure
intrinsic and synaptic properties of AIC—DLS neurons. In male, but not female, mice, we found that SNI mice with no prior alcohol
exposure consumed less alcohol compared with sham mice. Electrophysiological analyses showed that AIC—DLS neurons from
SNI-alcohol male mice displayed increased neuronal excitability and increased frequency of miniature excitatory postsynaptic
currents. However, mice exposed to alcohol prior to SNI consumed similar amounts of alcohol compared with sham mice following
SNI. Together, our data suggest that the interaction of chronic pain and alcohol drinking have a direct effect on both intrinsic excit-
ability and synaptic transmission onto AIC—DLS neurons in mice, which may be critical in understanding how chronic pain alters
motivated behaviors associated with alcohol.
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Significance Statement

We currently have a poor understanding of how the brain processes the interaction of pain and alcohol. Commonly, pain is
associated with increased alcohol consumption. However, our data indicate that nerve injury pain reduces alcohol consump-
tion in mice with no prior exposure to alcohol. Only in these pain-alcohol mice, we found that a specific population of neurons
in the anterior insular cortex (AIC) displayed an increase in excitability. Together, this suggests that pain and alcohol inter-
action can sensitize an AIC circuit that could be targeted for attenuating alcohol intake for treating alcohol use disorders.

o

Introduction

Chronic pain is a significant medical problem that affects ~116
million American adults causing an economic burden of >$635
billion per year (Institute of Medicine, 2011; Egli et al., 2012).
Unfortunately, effective treatment of chronic pain remains elu-
sive as current pharmacological strategies often present with
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negative side effects and strong misuse potential (Jefferies,
2010). Currently, over 25% of people experiencing chronic pain
report using alcohol to alleviate suffering (Riley and King,
2009) and those who consume alcohol to cope with pain report
greater problematic alcohol use (Zale et al., 2015). Given the
impact of both chronic pain and alcohol use disorder (AUD)
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on public health, an improved understanding of the interaction
between these two conditions is critical for improving
approaches aimed at prevention and treatment. Previous studies
also suggest that the disruptions in the underlying neural cir-
cuitry for chronic pain and AUD are similar, yet this connection
remains understudied (Watson et al., 1997; Stopponi et al., 2012).

Clinical studies show that the insular cortex (IC) is the most
consistently activated region during induced pain experiences
in humans (Tracey, 2011; Egli et al., 2012). In rodents, lesioning
the IC reduces thermal hyperalgesia and mechanical allodynia
(Benison et al., 2011; Coffeen et al., 2011; Zhuo, 2016). The IC
is also significantly involved in the alcohol addiction cycle, nota-
bly the preoccupation/anticipation stage (Koob and Volkow,
2010; Campbell and Lawrence, 2021). Previous studies demon-
strate that local inactivation of the IC disrupts seeking behaviors
for alcohol (Ibrahim et al., 2019). However, studies implementing
lesion or broad excitation/inhibition of IC do not provide insight
into the disruption of specific insular neuron populations that
project to distinct down-stream brain regions (Escobar et al.,
1998; Jasmin et al., 2003; Benison et al., 2011; Coffeen et al.,
2011). Moreover, studies that have investigated changes at the
circuit level have focused primarily on IC projections to nucleus
accumbens core and amygdala (Seif et al., 2013; Jaramillo et al.,
2018b,a; Haaranen et al., 2020).

The anterior insular cortex (AIC), a subregion of IC, is respon-
sible for integrating cognitive and sensory processes such as learn-
ing, memory, and sensory perception (Bermudez-Rattoni, 2004;
Craig, 2011; Gal-Ben-Ari and Rosenblum, 2011; Zhuo, 2016;
Gogolla, 2017). A major target of AIC innervation is the dorsolat-
eral striatum (DLS; Hunnicutt et al., 2016; Munoz et al., 2018;
Haggerty et al., 2022). The DLS plays a major role in governing
habitual-directed behaviors (Corbit et al., 2012; Alloway et al.,
2017; Munoz et al., 2018; Haggerty et al., 2022). Alcohol exposure
selectively ablates p-opioid receptor-mediated long-term synaptic
depression at AIC inputs to the DLS (Munoz et al, 2018).
Binge-like alcohol drinking produces enhanced ionotropic gluta-
mate receptor-mediated transmission at AIC—DLS synapses that
develop over the course of alcohol drinking, but this only occurs
in males (Haggerty et al, 2022). However, disruption of
AIC—DLS circuits evoked by chronic pain has not been studied.
Historically, research in this area focuses on mechanisms of
inflammatory and back pain in the ventral, but not dorsal, stria-
tum (Baliki et al., 2012; Martikainen et al., 2015; Dirupo et al.,
2021). Given that the DLS is directly connected to the AIC
(Gerfen and Bolam, 2016), the AIC—DLS circuitry is of interest
in the overlap of alcohol addiction and chronic pain. Here, we
investigated the effects of chronic pain on binge-like alcohol
drinking behavior and whether the combination of chronic
pain and alcohol use alters the intrinsic and synaptic excitability
of AIC—DLS neurons.

Materials and Methods

Experimental design

Animals. Six-week-old male and female C57BL/6] mice were pur-
chased from Jackson Laboratory (JAX #000664) and housed four per
cage. Experimental protocols were approved by the Institutional
Animal Care and Use Committee from Indiana University School of
Medicine (Protocol #22112). Animal welfare guidelines of the National
Institutes of Health (NIH, Maryland) were followed. Experiments were
performed on 7-week-old animals. After spared nerve injury (SNI) or
sham surgeries were performed, mice were switched to individual hous-
ing to reduce the possibility of wound reopening and for alcohol drinking
experiments.
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Intracranial injections. Animals were anesthetized with 1.5-2.0%
isoflurane in 100% oxygen with a flow rate at 0.8-1.0 L/min. Body tem-
perature was maintained at 37°C using a feedback-controlled heating pad
(FHC). Mice were transferred to a stereotaxic frame (Kopf Instruments)
and the top of the head area was shaved and disinfected with betadine
and isopropyl alcohol. An ~5 mm incision was made along the midline
of the head. A craniotomy was made using a dental drill. Fluorescent red
RetroBeads IX (Lumafluor) were injected in the right DLS [coordinates
in millimeter relative to bregma: —1.5 A/P, +3.6 M/L, and —3.5 D/V
(—40° angle with 15° counterclockwise rotation)] via a Gastight 1701
Hamilton syringe controlled by the UltraMicroPump (World Precision
Instruments). Meloxicam (5 mg/ml 10 mg/kg) and buprenorphine
(0.03 mg/ml, 0.06 mg/kg) were injected subcutaneously immediately
after the surgery. Animals recovered in clean home cages on a heating
pad for at least 30 min with ad libitum wet feed and water before being
transferred back to the vivarium. Animals were monitored 4 d post-
operation for signs of wound reopening or excessive pain.

SNI model of chronic neuropathic pain. Mouse SNI is a robust long-
lasting model for studying chronic neuropathic pain (Bourquin et al,
2006). We chose the SNI model because it provides symptoms similar
to clinical neuropathic pain disorders (Cichon et al., 2018), and neuro-
pathic pain is estimated to affect 3-17% of the general population (van
Hecke et al,, 2014). Mice were anesthetized as described above. The
animal’s left hind leg was shaved and disinfected with betadine and isopro-
pyl alcohol. An ~4 mm incision was made through the skin, and the mus-
cle was separated using sterilized wooden dowels exposing the sciatic nerve
trifurcation. For SNI surgeries, ~1 mm of the tibial nerve and the common
peroneal nerve were severed, while the sural nerve remained intact. For
sham surgeries, the trifurcation was visualized, but not severed. The inci-
sion was closed using surgical glue (Vetbond; 3M) and treated with triple
antibiotic ointment (Original Strength). Mice recovered and monitored as
described in the intracranial injection section.

Pain assessment. The pain behavior testing apparatus is an elevated
wire-mesh platform, which holds glass cubicles (4x4.5x4.5 inches)
wrapped with black tape. The experimenter was blind to the experimen-
tal groups, and animals were allowed to acclimate to the apparatus for
45-60 min. Both hindpaws were tested using von Frey filaments
(North Coast Medical) at multiple timepoints: before surgery (baseline),
at postoperative day 7 (POD7), and at POD28. The paw withdrawal
threshold (PWT) was measured and calculated using the up-down
SUDO method (Chaplan et al., 1994; Bonin et al., 2014) to evaluate
the development of mechanical allodynia.

Drinking-in-the-Dark. The Drinking-in-the-Dark (DID) paradigm
is a model of binge-like alcohol drinking behavior in mice (Thiele and
Navarro, 2014). Animals were randomly assigned to either alcohol or
water groups. Three days after SNI surgeries, mice were transferred
into a reversed light/dark cycle room (dark, 06:00-18:00 h; light,
18:00-06:00 h) to acclimate their circadian rhythms for a week (Thiele
et al, 2014; Wilcox et al, 2014). Three hours into the dark cycle
(09:00 h), water bottles were removed, and tubes containing either
20% alcohol (v/v in water) or water were inserted to the home cages
via lickometers constructed as described previously (Godynyuk et al.,
2019; Haggerty et al., 2022). Mice had unlimited access to alcohol or
water for 2 h/day Monday through Thursday and 4h on Friday.
Four-hour drinking sessions were used on Fridays so mice can achieve
blood ethanol concentrations of “binge”-like alcohol drinking. Tubes
were weighed before and after each drinking session. Animals were
weighed once a week and fluid intake (g/kg) was calculated daily. Mice
had abstinence periods during the weekend. This DID cycle was repeated
for 3 weeks. Two animals were excluded as they did not cumulatively
consume >10 g/kg of alcohol across 3 weeks. In a separate cohort, ani-
mals were exposed to saccharin solution: all mice were given 20% alcohol
during the first week of DID and then 0.2% saccharin in water (w/v) on
the second week. Saccharin concentration was determined based on pre-
vious studies (Tampier and Quintanilla, 2009; Bourie et al., 2017; Augier
et al., 2018). For animals with alcohol pre-exposure, this 3 week DID
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paradigm was performed twice—once before SNI/sham surgery and
once after.

Lickometers. The lickometers have two sides that can hold bottles
(Godynyuk et al., 2019). Only one side was used throughout the DID
experiment and bottle side was randomized. No side difference was
observed, and data were presented collapsed on bottle side. Each drink-
ing behavior was written to device via an infrared beam located directly
below the fluid bottle. The data of beam breaks was recorded at mini-
mum every 2 s. Licks are defined as the total number of beam breaks.
Lick duration is defined as the duration the beam was broken within
one bout. A linear model was fitted between licks and lick duration
within each bout for every DID session. Only bouts with residual value
between —3 and 3 are included in data analysis (Grecco et al., 2022;
Haggerty et al.,, 2022). This cleaning threshold can exclude inaccurate
drinking due to bottle leaking or bottle chewing.

Conditioned place preference. Mice underwent a modified condi-
tioned place preference (CPP) test as previously described (Grecco et
al,, 2022). In summary, mice were allowed to explore both sides of the
CPP chamber (Omnitech Electronics) on the pretest day for 20 min,
and the side where the animal spent less time was assigned to be the
alcohol-paired side. For animals that did not display a strong pretest
preference (<60 s), we manually counterbalanced the alcohol-paired
side of these mice to different sides of the CPP chamber. Four days of
conditioning sessions (5 min) occurred, with saline conditioning
(10 ml/kg, i.p.) in the morning (09:00 h) and alcohol (3 mg/kg, i.p.) in
the afternoon (13:00 h) to prevent acute alcohol withdrawal during after-
noon conditioning sessions. One day after the last conditioning session,
the test day occurred where 20 min drug-free exploration of each cham-
ber was assessed. A preference score was calculated as time spent on the
saline-paired side subtracted from time spent on the alcohol-paired side
during the testing session.

Acute brain slice preparation. Brains were dissected and transferred
in chilled carbogenated choline (in mM: 25 NaHCOs;, 1.25 NaH,PO,,
2.5 KCl, 0.5 CaCl,, 7 MgCl,, 25 D-glucose, 110 CsH;4,CINO, 11.6
CgH;NaOg, 3.09 C3H;NaOj;). Coronal brain slices were sectioned in
300 um using a vibratome (VT1200S Leica). Slices were transferred to
carbogenated artificial cerebrospinal fluid (aCSF) solution (in mM:
127 NaCl, 25 NaHCO;, 1.25 NaH,PO,, 2.5 KCl, 25 D-glucose,
2 CaCl,, 1 MgCl,) at 37°C for 30 min and then at room temperature
for at least 45 min prior to recording.

Electrophysiology. Recording pipettes were fabricated from borosili-
cate capillaries using a horizontal puller (P-97; Sutter Instrument) with
series resistance between 2 and 4 MQ. Fluorescently labeled cells were
visualized using an LED illumination system (CoolLED pE-4000). For
intrinsic excitability recordings, a potassium-based internal solution
was used (in mM: 128 K-gluconate, 10 HEPES, 10 sodium phosphocre-
atine, 4 MgCl,, 4 sodium ATP, 0.4 sodium GTP, 3 ascorbic acid, 1 EGTA,
4 mg/ml biocytin). For miniature excitatory postsynaptic current
(mEPSC) recordings, a cesium-based internal solution was used (in
mM: 128 cesium methanesulfonate, 10 HEPES, 10 sodium phosphocre-
atine, 4 MgCl,, 4 sodium ATP, 0.4 sodium GTP, 3 ascorbic acid, 1 EGTA,
0.5 QX-314). GABAzine (10 uM) and tetrodotoxin (TTX; 0.5 uM) were
added to aCSF bath for mEPSC recordings. Whole-cell patch-clamp
recordings were performed targeting cells that were 50-80 um deep in
the slice, and the aCSF solution was maintained at 30-31°C. Cells were
allowed to stabilize for 5 min before recording. Cells with series resis-
tance higher than 35 MQ were excluded. Current-clamp recordings
were bridge balanced. Recordings were filtered at 4 kHz for intrinsic
recordings and at 2 kHz for mEPSC recordings and were digitized at
10 kHz using MultiClamp 700B amplifier (Molecular Devices).

Statistical analysis

Custom MATLAB (MathWorks) routines were used to process electro-
physiology data offline. Statistical analyses were performed with
GraphPad Prism 8. DID and lickometer analyses were performed with
pingouin (V0.5.3; Vallat, 2018), and data visualization was generated
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by seaborn (Waskom, 2021) and matplotlib (Hunter, 2007).
Differences were considered significant at p <0.05. Results in the text
are presented as mean + SEM. Two-tailed unpaired t tests were used to
analyze normally distributed data. For data with multiple groups and/
or repeated measure, ANOVAs were used with Sidak’s post hoc analysis
or Tukey’s test.

Results

SNI induces mechanical allodynia and reduces binge-like
alcohol intake in male mice

A schematic timeline of the experiments is shown in Figure 1A. To
identify AIC neurons that project to the DLS, we injected red fluor-
escent RetroBeads into the right DLS (Fig. 1B,D). Fluorescently
labeled neurons were found primarily in laminar layer 5 (L5) of
the right AIC (Fig. 1C). Five days following RetroBeads injections,
SNI or sham surgery was performed on the left hind leg (Fig. 1E).
Animals were then acclimated to a reversed light/dark cycle for 7 d
(Fig. 1A). We found that SNI induced significant mechanical allo-
dynia at POD7 compared with sham surgery (Fig. 1H; rmANOVA:
surgery, F(a6=14.01, p<0.001; time, F,6=67.62, p<0.001;
interaction, F; 26)=41.09, p <0.001; Sidak’s post hoc test: POD7
SNI vs sham, p <0.001; SNI baseline vs POD7, p <0.001).

Animals subsequently started 3 weeks of DID (Fig. 1A). We pre-
viously demonstrated that our DID procedure can produce blood
alcohol concentrations in excess of 80 mg/dl (Haggerty et al,
2022). We hypothesized that mice with SNI would consume higher
amounts of alcohol during DID. Surprisingly, DID data showed
that SNI animals consumed significantly less alcohol compared
with sham mice across 3 weeks of DID (Fig. 1F, rmANOVA:
surgery, F(j,14)=7.2206, p=0.0211; time, F139,8420)=23.1815,
P <0.001; interaction, F14,192) = 0.2605, p =0.9968; homoscedastic-
ity test, p=0.159994; no significant difference in Sidak’s post hoc
analysis). However, no significant difference in water intake was
detected between SNI and sham mice (Fig. 1G; rmANOVA:
surgery, F(1,10)=0.0177, p=0.8962; time, F371437.14)=38.7673,
p<0.001; interaction, F(14140)=0.2511, p=0.9974). Analyses of
drinking microstructure data revealed a significant interaction of
lick duration and drinking session between sham and SNI
mice in the 3 week alcohol DID (Fig. 2A; rmANOVA: surgery,
F(1)14) =1.889, p=0.1909; time, F(3.997$53_10) =8.987, p <0.001; inter-
action, F(14,186) = 2.026, p = 0.0180). This indicates that lick duration
for SNI mice was reduced compared with sham mice in the early
stages of 3 week alcohol DID. However, no significant differences
were detected in number of licks between sham and SNI mice in
the 3 week alcohol DID (Fig. 2B; rmANOVA: surgery, F14)=
1.253, p=0.2818; time, F(5¢047565 =11.71, p<0.001; interaction,
F(14186)=0.8557, p=0.6079). Analyses of water drinking micro-
structure showed no significant differences between SNI and
sham mice for lick duration (Fig. 2C; rmANOVA: surgery,
F1,10)=0.6501, p=0.439; time, F(326027.71) = 4.353, p=0.011; inter-
action, F(14119)=0.7555, p=0.714) or number of licks (Fig. 2D;
rmANOVA: surgery, F10)=1.306, p=0.280; time, F,515,15353) =
4.052, p=0.031; interaction, F(14,19)=0.8524, p=0.611). Overall,
this shows that SNI was not inducing a disruption in the animals’
ability to consume from bottles with lickometers.

At completion of DID, no changes to the PWT were observed
in sham mice (Fig. 1I; rmANOVA: fluid, F; 1, =0.2727, p=
0.611; time, F(y,15)=2.080, p=0.175; interaction, F(; ;2)=2.167,
p=0.167). There is no observed difference between SNI-alcohol
and SNI-water animals between POD7 and POD28 either,
suggesting that 3 weeks of alcohol exposure did not affect
mechanical allodynia (Fig. 1/; rmANOVA: fluid, F15=
0.9217, p=0.356; time, F( ;5=2.107, p=0.172; interaction,
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Figure 1. SNI model induces mechanical allodynia and reduces alcohol intake in mice. 4, Schematic of the experimental timeline. B, Schematic depicting red retrograde tracer injection into the
right DLS and a representative coronal brain section showing red fluorescent beads injection in the right DLS. €, Schematic depicting fluorescently labeled AIC—DLS neurons in the right AIC layer
5 and a representative coronal brain section showing the fluorescently labeled neurons in the right AIC layer 5. D, Locations of retrograde tracer injections. E, Schematic depicting the SNI model of
neuropathic pain involving severing the tibial nerve and the common peroneal nerve while keeping the sural nerve intact. F, SNI mice had significantly lower alcohol intake across 15 drinking
sessions (sham, N'=8; SNI, N = 8). Mice were given access to alcohol for 2 h from Monday to Thursday and 4 h on Friday. G, No difference in water intake for sham and alcohol animals across 15
drinking sessions (sham, N = 6; SNI, N = 6). H, Mechanical allodynia was observed on POD7 after SNI of the sciatic nerve (sham, N = 14; SNI, N = 14). I, No PWT difference observed from POD7 to
POD28 for both water and alcohol drinking sham mice (sham—water, N = 6; sham—alcohol, N = 8). J, No PWT difference observed from POD7 to POD28 for both water and alcohol drinking SNI
mice (SNI-water, N=6; SNI-alcohol, N =8). *p < 0.05. ***p < 0.001. N, animal number.
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F1,12)=0.8914, p=0.364). Altogether, these data demonstrate
that SNI-induced mechanical allodynia persists from POD7
through POD28 across both alcohol and water drinking animals.
Overall, data from DID experiments did not support our hypoth-
esis as injured animals (SNT) drank significantly less alcohol than
uninjured (sham) controls.

SNI induces mechanical allodynia but has no effect on DID
alcohol consumption in female mice

We next tested the effects of SNI on DID in female mice. As in male
mice, SNI female mice showed significant mechanical allodynia 7 d
after surgery, and it persisted until POD28 compared with sham
female mice (Fig. 3A; rmANOVA: surgery, F 10)=15.65,
p=0.003; time: F(;,0y=18.61, p <0.001; interaction: F; 59 =13.43,
p<0.001; Sidak’s post hoc test: POD7 SNI vs sham, p<0.001;
POD28 SNI vs sham, p <0.001; SNI baseline vs POD7, p <0.001;
SNI baseline vs POD28, p<0.001; SNI POD7 vs POD28,
p>0.999). However, SNI females consumed a similar amount of
alcohol compared with sham females across the 3 week DID
(Fig. 3B; rmANOVA: surgery, F(10=0.1756, p=0.684; time,
F431043.10)=19.05, p<0.001; interaction, F(4,140)=0.3988, p=
0.973), which is not what we observed in SNI male mice. While
this lack of difference in DID-alcohol consumption between
sham and SNI female mice is interesting and needs further investi-
gation, we focused our attention on male mice for this study.

Both SNI and sham male mice display alcohol placed
preference

To examine if reduced alcohol intake in SNI mice was due to a
pain-induced reduction in reward value of alcohol, we measured
CPP for alcohol reward on a separate cohort of animals (Fig. 4A).
As in our DID cohort, SNI induced significant mechanical allodynia

at POD7 (Fig. 4B; rmANOVA: surgery, F,9)=17.74, p<0.001;
time, F(;20)=158.1, p<0.001, interaction, F(; 29y =144.6, p <0.001;
Sidak’s post hoc test: SNI baseline vs POD7, p <0.001; POD7 SNI
vs sham, p < 0.001). Both sham and SNI mice displayed significantly
increased alcohol preference during the test session compared with
baseline. However, there was no statistical difference detected
between SNI and sham mice’s preference scores on test day
(Fig. 4C,D; rmANOVA: surgery, F(29)=0.03549, p=0.8519;
session, F(j 59y =24.11, p <0.001; interaction, F(; 59y=0.5710, p=
0.4560). Total distance traveled and velocity across all saline
and alcohol conditioning sessions were not significantly differ-
ent, indicating no change in locomotive behaviors (Fig. 4E-H).
These data suggest that reward value of alcohol and
alcohol-induced locomotion are similar for both sham and SNI
mice and do not contribute to the observed decrease of DID alco-
hol intake in SNI animals.

SNI and sham male mice do not display anhedonia-like
behaviors

Previous studies suggested chronic pain leads to development of
negative emotional states like anhedonia (Garland et al., 2020;
Markovic et al., 2021). To test whether reduced alcohol drinking
in SNI mice was due to increased anhedonia, we performed a
modified DID schedule consisting of a single week of alcohol
exposure followed by 1 week of saccharin (0.2% w/v) drinking
in SNI and sham mice (Fig. 5A4). SNI mice showed significant
mechanical allodynia 7 d after surgery compared with the base-
line (Fig. 5B; rmANOVA: surgery, F(; 22)=5.377, p=0.03; time,
F122=19.05, p<0.001; interaction, F(;,,=19.09, p<0.001;
Sidak’s post hoc test: SNI baseline vs POD7, p <0.001; POD7
SNI vs sham, p <0.001). During the first week of DID, SNI ani-
mals consumed significantly less alcohol compared with sham
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B, SNI and sham female mice had similar alcohol intake (sham, N'=6; SNI, N=6). **p < 0.01. ***p < 0.001. N, animal number.

animals (Fig. 5C; rmANOVA: surgery, F( 22y =9.105, p=0.006;
time, Fg5=18.07, p<0.001; interaction, F4gg=0.4559, p=
0.768), consistent with our 3 week DID experiments (Fig. 1F).
Interestingly, SNI and sham animals consumed the same amount
of saccharin following alcohol DID (Fig. 5D. rmANOVA:
surgery, F(;)=0.6946, p=0.414; time, F(; 1504795 =91.62, p<
0.001; interaction, F(4 gg) = 1.643, p = 0.171). Comparison of baseline
alcohol drinking from this saccharin cohort with our 3 week DID
animals (Fig. 1F) revealed no significant differences (Fig. 5E;

rmANOVA:  cohorts, F15=2407, p=0.138; session,
F432,43.18)=16.33, p<0.001; interaction, F7)=1.009, p=0.409;
Fig. 5F, rmANOVA: cohorts, F(5=2.648, p=0.121;

session, F(2049,51.60)= 19.82, p<0.001; interaction, F(470)=0.9534,
p=0.439). These data indicate that reduced DID alcohol consump-
tion in SNI animals is not driven by anhedonia (Verharen et al,
2023).

SNI in combination with alcohol increases intrinsic
excitability of AIC—DLS neurons

After animals finished 3 weeks of DID, we performed whole-cell
electrophysiology recordings on retrogradely labeled L5
AIC—-DLS neurons in acute brain slices (bregma 2.46-
1.98 mm; Fig. 6A-D). Recording analyses revealed a drinking
and pain interaction, indicating that AIC—DLS neurons from
SNI-alcohol mice displayed an increased frequency of action
potentials in response to depolarizing current steps compared
with all other mice (Fig. 6E,F; rmANOVA: current, F(j;900)=
902.3, p<0.001; fluid, F(; 75 =3.016, p=0.087; surgery, F(, ;5=
4.563, p=0.036; currentxfluid, F(2900)=1.829, p=0.040;
current X surgery, F(i2000)=4.713, p<0.001; fluid x surgery,
Fu75=4302, p=0.042; currentx fluid x surgery, F(12.900)=
4.421, p<0.001). Analysis of action potentials evoked by a
400 pA step-current injection revealed that AIC—DLS neurons
from SNI-alcohol mice fired significantly more action potentials
compared with neurons from all other groups (Fig. 6G; two-way
ANOVA: fluid, F; 75)=2.467, p=0.120; surgery, F ;5 =6.632,
p=0.012; interaction, F75=5.894, p=0.018; Tukey’s test:
sham-water vs SNI-alcohol, p =0.027; SNI-water vs SNI-alco-
hol, p=0.025; sham-alcohol vs SNI-alcohol, p=0.002;
Table 1). AIC—DLS neurons from alcohol-DID mice displayed
a significantly depolarized resting membrane potential compared
with mice that consumed water, but no statistical difference
between SNI-alcohol and sham-alcohol AIC—DLS neurons
was detected (Fig. 6H; two-way ANOVA: fluid, F; ;5 =4.900,
p=0.030; surgery, F(;5=0.5395 p=0.465; interaction,

F(1,75=2.902, p=0.093; Table 1). No significant main differences
were detected in action potential threshold potential or input
resistance across the four experimental groups (Fig. 6L];
Table 1). Together, these results suggest that the interaction of
SNI and alcohol consumption increases intrinsic excitability of
AIC—DLS neurons.

The combination of SNI and alcohol consumption increases
the frequency of mEPSCs of AIC—DLS neurons

We next tested for differences in excitatory synaptic transmission
onto AIC—DLS neurons by recording mEPSCs in the AIC across
the four experimental groups (Fig. 7A). A significant increase in
mEPSC frequency was detected in AIC—DLS neurons from
SNI-alcohol mice compared with that from SNI-water and
sham-alcohol groups (Fig. 7B; two-way ANOVA: fluid, F(; 57) =
1.097, p=0.299; surgery, F(;57)=4.443, p=0.039; interaction,
F1,57=8.822, p=0.004; Tukey’s test: SNI-water vs SNI-alcohol,
p =0.03; sham-alcohol vs SNI-alcohol, p=0.003). No statistical
differences were observed in the amplitude of mEPSCs
(Fig. 7C; two-way ANOVA: fluid, F(;s7,=1.936, p=0.170;
surgery, F(;57y=1.574, p=0.215; interaction, F(; s57)=0.009343,
p=0.923). Increased mEPSC frequency without a change in
mEPSC amplitude indicates that SNI plus alcohol consumption
enhances presynaptic glutamate release onto AIC—DLS neu-
rons. It is likely that enhanced presynaptic release of the gluta-
mate is a contributing factor in the increased excitability of
AIC—DLS neurons recorded from SNI-alcohol mice.

AIC—DLS neuronal excitability is not significantly altered in
male mice after 1 week of DID

We next determined if intrinsic properties of AIC—DLS neurons
are altered earlier in the DID paradigm. Therefore, we performed
electrophysiology recordings on SNI and sham male mice after
only 1 week of DID. Consistent with the 3 week DID findings,
SNI mice drank significantly less alcohol compared with sham
mice during this 1 week DID (Fig. 84; rmANOVA: surgery,
F1,0)=5.421, p=0.045; time, F, g67,5.50)=11.83, p<0.001; inter-
action, F(4 36 =1.084, p=0.379). SNI and sham mice consumed
similar amount of water throughout the week (Fig. 8B;
rmANOVA: surgery, F 6)=0.1683, p=0.696; time, F; 111,12.67) =
20.37, p<0.001; interaction, F(424y=1.381, p=0.270). SNI mice
showed mechanical allodynia 7d after surgery (Fig. 8D;
rmANOVA: surgery, F,:7=10.15, p=0.005; time, F( 17 =
21.76, p=0.001; interaction, F;;7=27.28, p<0.001; Sidak’s
post hoc test: SNI baseline vs POD7, p<0.001; POD7 SNI vs
sham, p <0.001). Our recording analyses revealed no significance
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animal heatmap for alcohol CPP assay during baseline and test sessions. D, Both sham and SNI mice showed increased alcohol preference during test session compared with baseline session.
E, No difference observed in total distance moved during saline conditioning sessions between sham and SNI mice. F, No difference observed in total distance moved during alcohol conditioning
sessions between sham and SNI mice. G, No difference observed in velocity during saline conditioning sessions between sham and SNI mice. H, No difference observed in velocity during alcohol
conditioning sessions between sham and SNI mice (sham, N=16; SNI, N =15). ***p < 0.001. N, animal number.



8 « J. Neurosci., April 17, 2024 « 44(16):¢1287232024

Yin, Haggerty, et al. ® Pain—Alcohol Enhances AIC—DLS Neuron Excitability

A B
oM 3 15 = SNI -,
“\s\)@e\“\e\ o % ° Sham]
o g5 o € 2
ST ey No® o™ g
oW € 20 . T <
Jo© \ Saccharin Drinking-in-the-Dark ';U < 1.0
)
| 2 Days | 1 Week | 2 Weeks | g ‘é
<
| Reverse light Mo. Tu.We.Th. Fr. Sa. Su. | g 2 054
cycle acclimation [[][[] Week 1 (Alcohol) [
[] [O] Week 2 (Saccharin) &
Hour Drinking Session [:l Abstinence § 0.0 :*
Hour Drinking Session Baseline POD7
C D
0.5+
s gl i
. °
o) 6- e Sham g 0.4
X )
2 : 2 03
f‘g 47 : a8 } g //g
£ 5 ' : o £ 024 : :
RIS N ] st
9 “7 —i< 3] P = -
§ 1 ; \i — _I § 0.1 ? =
0 T T T T T 0.0 T T T T T
1 2 3 4 5 6 7 8 9 10
Session Session
F
E SNI Sham
7 m Saccharin Drinking Cohorts m Saccharin Drinking Cohorts
e 6- e 3-week-DID e 6- ® 3-week-DID
B 5+ S 54
Q Q
54 -
£ 3] =g
2 2
<< 14 << 14
0 T T T T T 0 T T T T T
1 2 3 4 5 1 2 3 4 5
Session Session
Figure 5.  SNI and sham mice had no difference in saccharin intake. A, Schematic of the experimental timeline. B, Mechanical allodynia was observed on POD7 after SNI surgery. €, SNI mice

showed lower alcohol intake during the first week of alcohol DID compared with sham mice. D, SNI and sham mice showed similar saccharin intake during the second week of saccharin DID
(sham, N'=12; SNI, N=12). E, SNI mice in saccharin drinking cohorts and 3 week DID cohorts drank similar amount of alcohol (3 week DID, N = 8; saccharin drinking cohorts, N =12). F, Sham
mice in saccharin drinking cohorts and 3 week DID cohorts drank similar amount of alcohol (3 week DID, N =8; saccharin drinking cohorts, N=12). *p < 0.05. **p < 0.01. ***p < 0.001.

N, animal number.

effects of fluid, surgery, or fluid-surgery interaction on action
potential firing (Fig. 8C; rmANOVA: current, F(;,g16 = 1029,
p<0.001; fluid, F g5 =0.001248, p=0.972; surgery, Fgs =
2.135, p=0.149; current x fluid, F(;5516)=0.07712, p >0.999; cur-
rent x surgery, F12g16)=2.013, p=0.021; fluid x surgery, F; ¢s)=
2.258, p=0.138; current x fluid x surgery, F(i2816)=2.427, p=
0.004). In addition, no significant difference was detected in resting
membrane potential or threshold potential across the four exper-
imental groups (Fig. 8E,F). However, there is a main surgery differ-
ence in input resistance, indicating that SNI mice had significantly
lower input resistance than sham mice, regardless of fluid intake
(Fig. 8G; two-way ANOVA: fluid, F¢g =0.2036, p=0.653;
surgery, Fes=4.824, p=0.031; interaction, F¢s)=1.328,
p=0253). Overall, these data indicate that AIC—DLS
neuronal excitability is unchanged by SNI and only 1 week of alco-
hol DID.

Alcohol exposure prior to SNI ablates the differences in DID
alcohol intake and AIC—DLS neuronal excitability observed
in mice with no alcohol pre-exposure prior to surgery

Pre-existing substance use disorders contribute to higher levels of
pain after injury (Turk, 1997), which may play a role in the con-
tinuation of the alcohol drinking problems (Brennan et al.,
2005). Individuals with current alcohol drinking problems are
more prone to use alcohol as a coping method including for
pain (Moos, 1990; Wunschel et al., 1993; Moggi et al, 1999;
Brennan et al, 2005). In our initial experimental design, SNI
mice did not drink alcohol prior to SNI surgery. Therefore, we
exposed mice to alcohol via 3 weeks of DID prior to SNI/sham sur-
gery (Fig. 9A). Animals that had SNI surgery showed significantly
decreased PWT on POD7 and POD28 compared with baseline
(Fig. 9E; rmANOVA: surgery, F(10)=13.83, p=0.004; time,
Fiaa0)=7.739, p=0.003; interaction, Fp 0 =4.751, p=0.021;
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Table 1. Subthreshold and firing properties of AIC—DLS neurons from sham-water, SNI-water, sham-alcohol, and SNI-alcohol groups of animals

Sham-water SNI-water Sham-—alcohol SNI-alcohol
(N=6, n=16) (N=5,n=19) (N=7,n=22) (N=6,n=22) Statistical data
Subthreshold properties
Resting membrane potential (mV) —76.71+1.458 —78.11+1.334 —75.98 +1.496 —72.45+1.386 Surgery p =0.465
Fluid *p =0.030
Interaction p = 0.093
Input resistance (m<2) 121.3+5.862 126.5 + 6.725 123.9+5.479 139.9+9.134 Surgery p=0.147
Fluid p=0.271
Interaction p = 0.454
Firing properties
Threshold potential (mV) —40.79 £ 1.053 —4411£0.7821 —42.12+1.048 —40.65 + 1.063 Surgery p=0.365
Fluid p=0.301
Interaction *p =0.021
Rheobase (pA) 181.3 £ 11.06 1842 +12.71 170.5+13.43 159.1+13.42 Surgery p=0.750
Fluid p=10.176
Interaction p =0.587
Number of action potentials at 400 pA 15.75 £ 0.5515 15.89 £ 0.8017 14.91+0.9735 19.82 £ 1.205 Surgery *p=10.012
Fluid p=0.120
Interaction *p=10.018
Height (mV) 76.52+1.331 78.01+1.668 82.64 +1.930 79.07 £2.619 Surgery p=0.617
Fluid p = 0.087
Interaction p=0.227
Fl slope (Hz/pA) 0.1271 £ 0.005 0.1265 £ 0.005 0.1161£0.005 0.1436 £ 0.006 Surgery *p=10.018
Fluid p=10.584
Interaction *p=0.014
Fast after hyperpolarization (mV) —7.470 +1.452 —7.718 +1.09%4 —6.879 +1.127 —6.266 + 0.8855 Surgery p=0.872
Fluid p =0.369
Interaction p=0.704
Spike frequency adaptation ratio (3rd/5th) 0.9848 + 0.01806 0.8985 £ 0.03885 0.8769 £ 0.02320 0.9599 + 0.02428 Surgery p=0.951
Fluid p=0.403
Interaction **p = 0.003
Two-way ANOVA; data shown as mean + standard error of the mean. *p < 0.05; **p < 0.01.
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The combination of SNI and alcohol consumption increases the mEPSC frequency of AIC—DLS neurons. A, Example traces of mEPSCs from AIC—DLS neurons from sham—water

(gray, N=6, n=16), sham—alcohol (black, N=>5, n=13), SNI-water (orange, N=6, n = 14), and SNI-alcohol (red, N =6, n = 18) mice. B, Neurons from SNI-alcohol mice displayed an
increased frequency of mEPSCs compared with those from the sham—alcohol and SNI-water groups. C, No difference observed in the amplitude of mEPSCs among all four groups. *p < 0.05.

**p <0.01. N, animal number; n, cell number.

Sidak’s post hoc test: POD7 SNI vs sham, p <0.001; POD28 SNI vs
sham, p =0.003; SNI baseline vs POD7, p =0.002; SNI baseline vs
POD28, p=0.002; SNI POD7 vs POD28, p>0.999). When pre-
exposed to alcohol, SNI and sham mice consumed similar
amounts of alcohol in the 3 weeks of DID after injury (Fig. 9B;

Sessions 16-30, rmANOVA: surgery, F(10)=0.06040, p=0.811;
time, F4.48644.86)=25.81, p<0.001; interaction, F;4,140)=0.6392,
p =0.828). Furthermore, no significant difference was detected
in the number of action potentials recorded from AIC—DLS
neurons between sham and SNI mice pre-exposed to alcohol
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Figure 8.

The combination of SNI and alcohol has no significant effect on the AIC—DLS neuronal excitability after 1 week DID. 4, SNI mice had significantly lower alcohol intake compared

with sham mice (sham, N =6; SNI, N=5). B, SNI and sham mice had similar water intake during 1 week DID (sham, N'=4; SNI, N = 4). (, All four groups of animals showed similar action
potential firing frequency of AIC—DLS neurons in response to depolarizing current steps. D, SNI mice showed significantly lower PWT on POD7 compared with baseline. E, There is no difference
in resting membrane potential among the four groups. F, There is no difference in threshold potential among the four groups. G, SNI mice show significantly lower input resistance compared
with sham group mice (sham-water, N =4, n=18; SNI-water, N =4, n = 20; sham—-alcohol, N =5, n=18; SNI-alcohol, N=4, n=16). *p < 0.05. **p < 0.01. ***p < 0.001. N, animal

number; n, cell number.

(Fig. 9C,D; rmANOVA: surgery, F; ;7)=0.03350, p =0.857; cur-
rent, F2423812)=279.6, p<0.001; interaction, F(;304)=1.279,
p =0.233). Resting membrane potential, action potential threshold
potential, and input resistance were also not significantly different
between AIC—DLS neurons recorded from sham and SNI ani-
mals (Fig. 9F-H; two-tailed unpaired ¢ test; resting membrane
potential, p = 0.673; threshold potential, p = 0.704; input resistance,
p=0.906). Lastly, mEPSC analysis showed that AIC—»DLS neu-
rons from sham and SNI mice had similar mEPSC frequency
and amplitude (Fig. 9I-K; two-tailed unpaired ¢ test; frequency,
p=0.974; amplitude, p =0.408).

Compared with mice naive to alcohol (mice with no alcohol
pre-exposure prior to surgery), we found that SNI animals with
alcohol pre-exposure had higher alcohol intake after surgery
(Fig. 10A,C; rmANOVA, by day: pre-exposure, Fj 12y =15.8540,
P =0.0026; postsurgery session, F(14,140) = 15.5040, p <0.001; inter-
action, F(14,140)=0.9368, p=0.5215 by week: pre-exposure,
F(1,12)=3.4415, p=0.0883; postsurgery week, F4)=3.0636, p=
0.0653; interaction, F(,4)=3.6520, p=0.0412; Sidak’s post hoc
test: week 1 naive vs pre-exposed, p = 0.0050). Analyses of drinking
microstructure data collected from lickometers identified a signifi-
cant interaction between alcohol pre-exposure and DID drinking
session with increased number of total licks and lick duration
observed in weeks 1 and 2 (Fig. 10D-E; rmANOVA, total licks:
pre-exposure, F(12)=0.1847, p=0.6750; postsurgery session,
Fo24=00687, p=09338; interaction, Fipo4=239202, p=
0.0336; lick duration: pre-exposure, F(j 15 =0.9828, p=0.3411;
postsurgery session, F,4)=0.8791, p=0.4281; interaction,

F(2.24y =5.6566, p=0.0097). Alcohol intake between sham control
animals in naive and pre-exposed groups was not statistically
different, indicating that these two independent experiments are
comparable (Fig. 10B; rmANOVA: pre-exposure, F 2=
0.04422, p=0.837; session, F4 ¢37,5498) = 24.54, p <0.001; interac-
tion, F(14,166) = 3.097, p < 0.001). Electrophysiology recording com-
parisons of AIC—»DLS neurons showed no difference in the
number of action potential firing between SNI-naive and SNI pre-
exposure mice (Fig. 10F; rmANOVA: pre-exposure, F(,9)=
0.2034, p = 0.655; current, F(; 501,43.52) = 280.7, p < 0.001; interaction,
F(12,348)=1.338, p=10.195). Threshold potential for action potential
firing, input resistance, and mEPSCs frequency were also not sign-
ificantly different between the two groups (Fig. 10H-J; two-tailed
unpaired ¢ test; threshold potential, p=0.530; input resistance,
p =0.885; mEPSCs frequency, p =0.307). However, SNI animals
with alcohol pre-exposure had significantly depolarized resting
membrane potential (Fig. 10G; two-tailed unpaired ¢ tests;
p =0.012) and increased mEPSC amplitudes (Fig. 10K; two-tailed
unpaired ¢ tests; p<0.001) compared with alcohol-naive mice.
Overall, these data suggest that pre-exposure to alcohol before injury
eliminates most of the disparities we detected in both alcohol con-
sumption and AIC—DLS neuronal activity compared with
DID-SNI mice with no prior exposure to alcohol.

Discussion
Our results show that SNI mice with no prior exposure to alcohol
(alcohol-naive) consume significantly less alcohol in the DID
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N, animal number; n, cell number.

paradigm compared with sham mice. AIC—-DLS neurons
recorded from these same SNI-alcohol mice display increased
neuronal excitability compared with AIC—DLS neurons recorded
from sham-alcohol, sham-water, and SNI-water groups. We

provide evidence that the combination of SNI and alcohol-DID
enhances presynaptic glutamatergic inputs onto AIC—DLS neu-
rons recorded from alcohol-naive mice. Interestingly, exposing
mice to 3 weeks of alcohol DID prior to SNI surgery eliminated
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Comparison between SNI mice with and without alcohol pre-exposure. 4, €, SNI mice with alcohol pre-exposure had higher alcohol intake after surgery compared with mice naive

to alcohol (A, by day; C, by week). B, Comparison of alcohol drinking between naive and pre-exposed sham mice displayed no significant difference (naive, N=8; pre-exposure, N =6).
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F, No difference detected in the number of action potential firing in response to depolarizing current steps between naive and pre-exposed mice (naive, N=6, n=22; pre-exposure,
N=5, n=9). G, SNI mice with alcohol pre-exposure had significantly depolarized resting membrane potential compared with SNI mice naive to alcohol prior to injury. There is no difference
in (H) threshold potential, (/) input resistance, and (J) mEPSC frequency between mice with and without alcohol pre-exposure. K, Animals pre-exposed to alcohol had significantly increased
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differences in both DID alcohol consumption and AIC—DLS neu-
ronal activity observed in alcohol-naive mice.

We conclude that reduced alcohol intake observed in alcohol-
naive SNI mice is not due to attenuation in alcohol reward as
SNI-alcohol and sham-alcohol mice both displayed intact alco-
hol CPP. Decreased saccharin drinking is known to be associated
with anhedonia, which we considered as a potential contributing
factor in decreased alcohol intake in alcohol-naive SNI mice
(Willner, 1985; Willner et al., 1987; Harris et al., 1997; Crabbe
et al., 2020). However, both SNI and sham animals drank similar
amounts of saccharin, indicating that reduced alcohol intake of
alcohol-naive SNI mice is not due to anhedonia. It is also unlikely
that SNI blunted sensitivity to the sweet taste or rewarding value
of saccharin as similar levels of intake were measured across
groups (Willner et al., 1987; Crabbe et al., 2020). Another expla-
nation for why alcohol-naive SNI mice consumed less alcohol is
that the acute physiological effects of alcohol induce a greater
pain response in SNI mice. Specifically, in SNI mice, low doses
of alcohol could induce a pain phenotype that discourages
mice from escalating their intakes, leading to drinking cessation
earlier in DID sessions compared with sham controls.
Unfortunately, testing mechanical allodynia shortly after mice
started DID is difficult to assess without altering future intakes
during the same DID session. Further, recording any difference
between SNI-alcohol and SNI-water mice may be challenging
since both groups reached a near floor effect in von Frey response
at and beyond POD?7.

The DID experiments showing that alcohol-naive SNI mice
drank less alcohol compared with sham control support our
null hypothesis and do not align with clinical findings that
patients with chronic pain are more likely to drink alcohol
(Brennan et al., 2005; Riley and King, 2009; Zale et al., 2015).
Most likely, these patients have had exposure to alcohol prior
to the development of chronic pain. Therefore, we exposed
mice to 3 weeks of alcohol-DID prior to initiating the SNI and
found that SNI-alcohol and sham-alcohol mice drank similar
levels of alcohol in the 3 weeks of DID following surgery.
These data clearly show that SNI mice with prior alcohol expo-
sure binge drink alcohol differently than SNI mice without prior
alcohol exposure. However, we did find that SNT mice with prior
alcohol exposure did not binge drink significantly more alcohol
than uninjured mice, which is not consistent with clinical data
(Brennan et al., 2005; Riley and King, 2009; Zale et al., 2015).
One potential explanation for this disparity is that the DID model
is not revealing alcohol seeking behavior, which may be more
pronounced in SNI mice. This will be a focus of future studies
on alcohol and SNI.

Our electrophysiology data from SNI-alcohol mice showed
that AIC—DLS neurons displayed aspects of increased intrinsic
excitability. Specifically, alcohol depolarized the resting mem-
brane potential of AIC—DLS neurons, which is consistent with
work from our lab showing that binge alcohol consumption
drives enhanced function of AIC inputs in the DLS (Haggerty
et al., 2022). However, only the combination of SNI and alcohol
drinking created an increased frequency of action potential
firing, indicating that alcohol exposure alone does not enhance
excitability of AIC—DLS neurons at the soma level. Further,
we identified a significantly higher frequency, but not amplitude,
of mEPSCs in AIC—DLS neurons from SNI-alcohol mice, indi-
cating an enhanced presynaptic release of glutamate. One poten-
tial source of increased glutamatergic input onto AIC neurons is
the basolateral amygdala (BLA). Glutamatergic BLA—AIC cir-
cuitry is involved in the maintenance of contextual memories
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associated with drug reward (Gil-Lievana et al, 2020).
Moreover, the BLA processes ascending pain signals (Gauriau
and Bernard, 2004; Neugebauer et al., 2004; Apkarian et al.,
2013). Previous studies show that SNT alters BLA input onto pre-
limbic cortex (Huang et al., 2019; Cheriyan and Sheets, 2020).
However, whether SNI and alcohol consumption alters BLA
inputs onto AIC neurons remains to be determined. Anxiety is
another factor known to regulate both alcohol drinking and
chronic pain (Wilson, 1988; Bandelow, 2015; Chen et al,
2022). AIC mediates anxiety-related behaviors as clinical data
suggested a positive correlation between self-reported measures
of anxiety and the activity in the right AIC (Terasawa et al.,
2013). In rodents, both AIC and the AIC—BLA pathway are
indicated as neural substrates influencing emotional valence
and anxiety (Nicolas et al., 2023). As such, future studies
will focus on dissecting effects of DID and SNI on
BLA—AIC—DLS circuits.

Intrinsic and synaptic hyperexcitability was only observed in
AIC—DLS neurons recorded from SNI-alcohol mice with no
prior exposure to alcohol. We have shown that optogenetically
driving AIC—DLS transmission decreases binge alcohol con-
sumption behaviors in mice (Haggerty et al., 2022). Together,
this suggests that enhanced AIC—DLS activity driven by SNI
and alcohol interaction is a contributing factor in our observed
decrease in DID-alcohol intake in alcohol-naive mice. One pos-
sible explanation for this is that SNI induces a protective taste
neophobia that has been observed in rats following surgery
(Bauer et al., 2003). Previous studies demonstrate that memory
for experiencing a new taste is dependent on the functionality
of the insular cortex (Gal-Ben-Ari and Rosenblum, 2011;
Yiannakas and Rosenblum, 2017). Furthermore, hyperexcitabil-
ity of neurons in deeper layers (i.e., L5/6) of AIC is implicated
in taste neophobia (Kayyal et al., 2021). While this study iden-
tified these AIC neurons as mPFC projecting, it is conceivable
that these same neurons send projections to DLS. Based on these
findings and our current data, it is possible that SNI hypersensi-
tizes AIC—DLS neurons to the novel and bitter taste of alcohol,
which leads to a pronounced taste aversion/neophobia and
decreased alcohol consumption in alcohol-naive mice. SNI ani-
mals with alcohol pre-exposure drank significantly more alcohol
during the first week of DID after surgery compared with
alcohol-naive SNI animals. Interestingly, significant differences
in the intrinsic excitability observed in SNI-alcohol mice without
prior alcohol exposure were undetectable in SNI-alcohol mice
with prior alcohol exposure. This suggests that pre-exposure to
alcohol eliminates the novelty of alcohol taste following SNI,
thereby attenuating both sensitization of AIC—DLS neurons
and reduction in alcohol-DID. Surprisingly, we did not observe
increased excitability of AIC—DLS neurons in SNI mice follow-
ing 1 week of alcohol-DID despite a reduction in alcohol con-
sumption. This suggests that increased excitability of
AIC—DLS neurons is driven by plasticity occurring later in the
progression of alcohol-DID. Another possibility is that enhanced
activity of AIC—DLS neurons in 3 week alcohol-DID SNI mice is
associated with a compensatory mechanism that contributes to
SNI mice eventually reaching similar alcohol consumption as
sham at later stages of DID.

There are also several limitations of this study that need to be
further addressed. More work need to be done in female mice,
which displayed no changes to DID-alcohol drinking after
SNI. Our focus on male mice for this study was made because
our previous studies of alcohol effects on AIC—DLS circuitry
revealed male-specific effects of alcohol (Haggerty et al., 2022).
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Yet, it is known that both SNI and binge alcohol consumption on
their own produce outcomes with sex differences (Sneddon et al.,
2019; Ahlstrom et al., 2021). Together, the interactions between
sex, pain, alcohol, and the associated circuit and behavioral
changes that they drive are of great interest to our future work
and public health outcomes.

Future studies should investigate whether SNI and alcohol
exposure produce the same outcomes for ipsilateral AIC—DLS
neurons. In addition, AIC neurons also send projections to the
amygdala (Gehrlach et al., 2020; Nicolas et al., 2023), meaning
collateralization of AIC—DLS circuits could be examined. A
recent study demonstrated that AIC—BLA neurons have collat-
eral projections to ipsilateral nuclei including central amygdala
and nucleus accumbens but predominantly to contralateral
BLA (Nicolas et al., 2023). A comparable pattern might exist
for AIC—DLS neurons and needs to be studied. Future electro-
physiology recordings in other neuronal pathways need to be
performed to determine whether SNI-alcohol interaction drives
synaptic and intrinsic changes primarily to the AIC—DLS cir-
cuit. One study showed that inhibitory neurons in AIC display
similar connectivity patterns and strength compared with pyra-
midal neurons (Gehrlach et al., 2020), which indicates that the
balance of excitation and inhibition in the AIC should be studied
with the combination of SNI and alcohol drinking.

In conclusion, we demonstrate that SNI reduces binge alcohol
consumption and that the combination of SNI and alcohol drink-
ing together for 3 weeks significantly increases somatic excitabil-
ity and excitatory synaptic transmission in AIC—DLS circuits.
How and whether a hyperexcitable state of the AIC—DLS path-
way contributes to altered alcohol drinking behaviors in a neuro-
pathic pain state will be the focus of future studies.

References

Ahlstrom FHG, Mitlik K, Viisanen H, Blomgqvist KJ, Liu X, Lilius TO,
Sidorova Y, Kalso EA, Rauhala PV (2021) Spared nerve injury causes
sexually dimorphic mechanical allodynia and differential gene expression
in spinal cords and dorsal root ganglia in rats. Mol Neurobiol 58:5396-
5419.

Alloway KD, Smith JB, Mowery TM, Watson GDR (2017) Sensory processing
in the dorsolateral striatum: the contribution of thalamostriatal pathways.
Front Syst Neurosci 11:53.

Apkarian AV, Neugebauer V, Koob G, Edwards S, Levine JD, Ferrari L, Egli
M, Regunathan S (2013) Neural mechanisms of pain and alcohol depen-
dence. Pharmacol Biochem Behav 112:34-41.

Augier E, et al. (2018) A molecular mechanism for choosing alcohol over an
alternative reward. Science 360:1321-1326.

Baliki MN, Petre B, Torbey S, Herrmann KM, Huang L, Schnitzer TJ, Fields
HL, Apkarian AV (2012) Corticostriatal functional connectivity predicts
transition to chronic back pain. Nat Neurosci 15:1117-1119.

Bandelow B (2015) Generalized anxiety disorder and pain. Mod Trends
Pharmacopsychiatry 30:153-165.

Bauer DJ, Christenson TJ, Clark KR, Powell SK, Swain RA (2003)
Acetaminophen as a postsurgical analgesic in rats: a practical solution
to neophobia. Contemp Top Lab Anim Sci 42:20-25.

Benison AM, Chumachenko S, Harrison JA, Maier SF, Falci SP, Watkins LR,
Barth DS (2011) Caudal granular insular cortex is sufficient and necessary
for the long-term maintenance of allodynic behavior in the rat attribut-
able to mononeuropathy. ] Neurosci 31:6317-6328.

Bermudez-Rattoni F (2004) Molecular mechanisms of taste-recognition
memory. Nat Rev Neurosci 5:209-217.

Bonin RP, Bories C, De Koninck Y (2014) A simplified up-down method
(SUDO) for measuring mechanical nociception in rodents using von
Frey filaments. Mol Pain 10:26.

Bourie F, Olsson K, Iskhakov B, Buras A, Fazilov G, Shenouda M, Zhezherya J,
Bodnar R] (2017) Murine genetic variance in muscarinic cholinergic
receptor antagonism of sucrose and saccharin solution intakes in three
inbred mouse strains. Pharmacol Biochem Behav 163:50-56.

J. Neurosci., April 17, 2024 - 44(16):e1287232024 - 15

Bourquin AF, Siiveges M, Pertin M, Gilliard N, Sardy S, Davison AC, Spahn
DR, Decosterd I (2006) Assessment and analysis of mechanical allodynia-
like behavior induced by spared nerve injury (SNI) in the mouse. Pain
122:14.e11-14.e14.

Brennan PL, Schutte KK, Moos RH (2005) Pain and use of alcohol to manage
pain: prevalence and 3-year outcomes among older problem and non-
problem drinkers. Addiction 100:777-786.

Campbell EJ, Lawrence AJ (2021) It's more than just interoception: the insular
cortex involvement in alcohol use disorder. ] Neurochem 157:1644-1651.

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative
assessment of tactile allodynia in the rat paw. ] Neurosci Methods 53:55-63.

Chen T, Wang J, Wang YQ, Chu YX (2022) Current understanding of the
neural circuitry in the comorbidity of chronic pain and anxiety. Neural
Plast 2022:4217593.

Cheriyan ], Sheets PL (2020) Peripheral nerve injury reduces the
excitation-inhibition balance of basolateral amygdala inputs to prelimbic
pyramidal neurons projecting to the periaqueductal gray. Mol Brain 13:100.

Cichon J, Sun L, Yang G (2018) Spared nerve injury model of neuropathic
pain in mice. Bio Protoc 8:€2777.

Coffeen U, Manuel Ortega-Legaspi J, Lopez-Munoz FJ, Simon-Arceo K,
Jaimes O, Pellicer F (2011) Insular cortex lesion diminishes neuropathic
and inflammatory pain-like behaviours. Eur J Pain 15:132-138.

Corbit LH, Nie H, Janak PH (2012) Habitual alcohol seeking: time course and
the contribution of subregions of the dorsal striatum. Biol Psychiatry 72:
389-395.

Crabbe JC, Ozburn AR, Hitzemann R]J, Spence SE, Hack WR, Schlumbohm
JP, Metten P (2020) Tetracycline derivatives reduce binge alcohol con-
sumption in High Drinking in the Dark mice. Brain Behav Immun
Health 4:100061.

Craig AD (2011) Significance of the insula for the evolution of human aware-
ness of feelings from the body. Ann N'Y Acad Sci 1225:72-82.

Dirupo G, Totaro S, Richard ], Corradi-Dell’Acqua C (2021) Medical educa-
tion and distrust modulate the response of insular-cingulate network and
ventral striatum in pain diagnosis. Elife 10:¢63272.

Egli M, Koob GF, Edwards S (2012) Alcohol dependence as a chronic pain
disorder. Neurosci Biobehav Rev 36:2179-2192.

Escobar ML, Chao V, Bermudez-Rattoni F (1998) In vivo long-term potentiation
in the insular cortex: NMDA receptor dependence. Brain Res 779:314-319.

Gal-Ben-Ari S, Rosenblum K (2011) Molecular mechanisms underlying
memory consolidation of taste information in the cortex. Front Behav
Neurosci 5:87.

Garland EL, Trostheim M, Eikemo M, Ernst G, Leknes S (2020) Anhedonia in
chronic pain and prescription opioid misuse. Psychol Med 50:1977-1988.

Gauriau C, Bernard JF (2004) A comparative reappraisal of projections from
the superficial laminae of the dorsal horn in the rat: the forebrain. ] Comp
Neurol 468:24-56.

Gehrlach DA, Weiand C, Gaitanos TN, Cho E, Klein AS, Hennrich AA,
Conzelmann KK, Gogolla N (2020) A whole-brain connectivity map of
mouse insular cortex. Elife 9:e55585.

Gerfen CR, Bolam JP (2016) The neuroanatomical organization of the basal
ganglia. In: Handbook of basal ganglia structure and function (Steiner
H, Tseng KY, eds), Ed 2, pp 3-32. Cambridge, MA: Elsevier.

Gil-Lievana E, Balderas I, Moreno-Castilla P, Luis-Islas J, McDevitt RA,
Tecuapetla F, Gutierrez R, Bonci A, Bermudez-Rattoni F (2020)
Glutamatergic basolateral amygdala to anterior insular cortex circuitry
maintains rewarding contextual memory. Commun Biol 3:139.

Godynyuk E, Bluitt MN, Tooley JR, Kravitz AV, Creed MC (2019) An open-
source, automated home-cage sipper device for monitoring liquid inges-
tive behavior in rodents. eNeuro 6.

Gogolla N (2017) The insular cortex. Curr Biol 27:R580-R586.

Grecco GG, Haggerty DL, Reeves KC, Gao Y, Maulucci D, Atwood BK (2022)
Prenatal opioid exposure reprograms the behavioural response to future
alcohol reward. Addict Biol 27:e13136.

Haaranen M, Schafer A, Jarvi V, Hyytia P (2020) Chemogenetic stimulation
and silencing of the insula, amygdala, nucleus accumbens, and their con-
nections differentially modulate alcohol drinking in rats. Front Behav
Neurosci 14:580849.

Haggerty DL, Munoz B, Pennington T, Viana Di Prisco G, Grecco GG,
Atwood BK (2022) The role of anterjor insular cortex inputs to dorsolat-
eral striatum in binge alcohol drinking. Elife 11:77411.

Harris RB, Zhou J, Youngblood BD, Smagin GN, Ryan DH (1997) Failure to
change exploration or saccharin preference in rats exposed to chronic
mild stress. Physiol Behav 63:91-100.



16 - J. Neurosci., April 17, 2024 - 44(16):e1287232024

Huang ], Gadotti VM, Chen L, Souza IA, Huang S, Wang D, Ramakrishnan C,
Deisseroth K, Zhang Z, Zamponi GW (2019) A neuronal circuit for acti-
vating descending modulation of neuropathic pain. Nat Neurosci 22:
1659-1668.

Hunnicutt BJ, Jongbloets BC, Birdsong WT, Gertz KJ, Zhong H, Mao T
(2016) A comprehensive excitatory input map of the striatum reveals
novel functional organization. Elife 5:e19103.

Hunter JD (2007) Matplotlib: a 2D graphics environment. Comput Sci Eng 9:
90-95.

Ibrahim C, Rubin-Kahana DS, Pushparaj A, Musiol M, Blumberger DM,
Daskalakis Z], Zangen A, Le Foll B (2019) The insula: a brain stimulation
target for the treatment of addiction. Front Pharmacol 10:720.

Institute of Medicine (2011) Relieving pain in America: a blueprint for trans-
forming prevention, care, education, and research. Washington, DC:
National Academies Press.

Jaramillo AA, Randall PA, Stewart S, Fortino B, Van Voorhies K, Besheer |
(2018b) Functional role for cortical-striatal circuitry in modulating alco-
hol self-administration. Neuropharmacology 130:42-53.

Jaramillo AA, Van Voorhies K, Randall PA, Besheer ] (2018a) Silencing the
insular-striatal circuit decreases alcohol self-administration and increases
sensitivity to alcohol. Behav Brain Res 348:74-81.

Jasmin L, Rabkin SD, Granato A, Boudah A, Ohara PT (2003) Analgesia and
hyperalgesia from GABA-mediated modulation of the cerebral cortex.
Nature 424:316-320.

Jefferies K (2010) Treatment of neuropathic pain. Semin Neurol 30:425-432.

Kayyal H, Chandran SK, Yiannakas A, Gould N, Khamaisy M, Rosenblum K
(2021) Insula to mPFC reciprocal connectivity differentially underlies
novel taste neophobic response and learning in mice. Elife 10:e66686.

Koob GF, Volkow ND (2010) Neurocircuitry of addiction.
Neuropsychopharmacology 35:217-238.

Markovic T, et al. (2021) Pain induces adaptations in ventral tegmental area
dopamine neurons to drive anhedonia-like behavior. Nat Neurosci 24:
1601-1613.

Martikainen IK, Nuechterlein EB, Pecina M, Love TM, Cummiford CM,
Green CR, Stohler CS, Zubieta JK (2015) Chronic back pain is associated
with alterations in dopamine neurotransmission in the ventral striatum.
J Neurosci 35:9957-9965.

Moggi F, Ouimette PC, Moos RH, Finney JW (1999) Dual diagnosis patients
in substance abuse treatment: relationship of general coping and
substance-specific coping to 1-year outcomes. Addiction 94:1805-1816.

Moos RH (1990) Life stressors, social resources, and coping responses. In:
Alcoholism treatment: context, process, and outcome (Finney JW,
Cronkite RC, eds). New York, NY: Oxford University Press.

Munoz B, Fritz BM, Yin F, Atwood BK (2018) Alcohol exposure disrupts mu
opioid receptor-mediated long-term depression at insular cortex inputs to
dorsolateral striatum. Nat Commun 9:1318.

Neugebauer V, Li W, Bird GC, Han JS (2004) The amygdala and persistent
pain. Neuroscientist 10:221-234.

Nicolas C, et al. (2023) Linking emotional valence and anxiety in a mouse
insula-amygdala circuit. Nat Commun 14:5073.

Riley JL 3rd, King C (2009) Self-report of alcohol use for pain in a multi-
ethnic community sample. ] Pain 10:944-952.

Seif T, et al. (2013) Cortical activation of accumbens hyperpolarization-active
NMDARs mediates aversion-resistant alcohol intake. Nat Neurosci 16:
1094-1100.

Yin, Haggerty, et al. ® Pain—Alcohol Enhances AIC—DLS Neuron Excitability

Sneddon EA, White RD, Radke AK (2019) Sex differences in binge-like and
aversion-resistant alcohol drinking in C57 BL/6] mice. Alcohol Clin
Exp Res 43:243-249.

Stopponi S, Somaini L, Cippitelli A, de Guglielmo G, Kallupi M, Cannella N,
Gerra G, Massi M, Ciccocioppo R (2012) Pregabalin reduces alcohol
drinking and relapse to alcohol seeking in the rat. Psychopharmacology
(Berl) 220:87-96.

Tampier L, Quintanilla ME (2009) Preclinical study: effect of concurrent sac-
charin intake on ethanol consumption by high-alcohol-drinking (UChB)
rats. Addict Biol 14:276-282.

Terasawa Y, Shibata M, Moriguchi Y, Umeda S (2013) Anterior insular cortex
mediates bodily sensibility and social anxiety. Soc Cogn Affect Neurosci 8:
259-266.

Thiele TE, Crabbe JC, Boehm SL 2nd (2014)) “Drinking in the Dark” (DID): a
simple mouse model of binge-like alcohol intake. Curr Protoc Neurosci
68:9.49.41-49.49.12.

Thiele TE, Navarro M (2014) “Drinking in the dark” (DID) procedures: a
model of binge-like ethanol drinking in non-dependent mice. Alcohol
48:235-241.

Tracey I (2011) Can neuroimaging studies identify pain endophenotypes in
humans? Nat Rev Neurol 7:173-181.

Turk DC (1997) The role of demographic and psychosocial factors in transi-
tion from acute to chronic pain. In: Proceedings of the 8th World
Congress on Pain, Seatle, WA: IASP Press.

Vallat R (2018) Pingouin: statistics in Python. ] Open Source Softw 3:1026.

van Hecke O, Austin SK, Khan RA, Smith BH, Torrance N (2014)
Neuropathic pain in the general population: a systematic review of epide-
miological studies. Pain 155:654-662.

Verharen JPH, de Jong JW, Zhu Y, Lammel S (2023) A computational
analysis of mouse behavior in the sucrose preference test. Nat Commun
14:2419.

Waskom M (2021) Seaborn: statistical data visualization. ] Open Source Softw
6:3021.

Watson WP, Robinson E, Little HJ (1997) The novel anticonvulsant,
gabapentin, protects against both convulsant and anxiogenic aspects of
the ethanol withdrawal syndrome. Neuropharmacology 36:1369-1375.

Wilcox MV, Carlson VCC, Sherazee N, Sprow GM, Bock R, Thiele TE,
Lovinger DM, Alvarez VA (2014) Repeated binge-like ethanol drinking
alters ethanol drinking patterns and depresses striatal GABAergic trans-
mission. Neuropsychopharmacology 39:579-594.

Willner P (1985) Depression: a psychobiological synthesis. Oxford, England:
John Wiley & Sons.

Willner P, Towell A, Sampson D, Sophokleous S, Muscat R (1987) Reduction
of sucrose preference by chronic unpredictable mild stress, and its restora-
tion by a tricyclic antidepressant. Psychopharmacology (Berl) 93:358-364.

Wilson GT (1988) Alcohol and anxiety. Behav Res Ther 26:369-381.

Wunschel SM, Rohsenow DJ, Norcross JC, Monti PM (1993) Coping strate-
gies and the maintenance of change after inpatient alcoholism treatment.
Soc Work Res Abstr 29:18-22.

Yiannakas A, Rosenblum K (2017) The insula and taste learning. Front Mol
Neurosci 10:335.

Zale EL, Maisto SA, Ditre JW (2015) Interrelations between pain and alcohol:
an integrative review. Clin Psychol Rev 37:57-71.

Zhuo M (2016) Contribution of synaptic plasticity in the insular cortex to
chronic pain. Neuroscience 338:220-229.



	 Introduction
	 Materials and Methods
	Outline placeholder
	 Experimental design
	 Animals
	 Intracranial injections
	 SNI model of chronic neuropathic pain
	 Pain assessment
	 Drinking-in-the-Dark
	 Lickometers
	 Conditioned place preference
	 Acute brain slice preparation
	 Electrophysiology

	 Statistical analysis


	 Results
	 SNI induces mechanical allodynia and reduces binge-like alcohol intake in male mice
	 SNI induces mechanical allodynia but has no effect on DID alcohol consumption in female mice
	 Both SNI and sham male mice display alcohol placed preference
	 SNI and sham male mice do not display anhedonia-like behaviors
	 SNI in combination with alcohol increases intrinsic excitability of AIC⇒DLS neurons
	 The combination of SNI and alcohol consumption increases the frequency of mEPSCs of AIC⇒DLS neurons
	 AIC⇒DLS neuronal excitability is not significantly altered in male mice after 1 week of DID
	 Alcohol exposure prior to SNI ablates the differences in DID alcohol intake and AIC⇒DLS neuronal excitability observed in mice with no alcohol pre-exposure prior to surgery

	 Discussion
	 References

