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INTRODUC TION

It is estimated that 88,000 deaths per year can be attributed to 
alcohol and over 14 million American adults (5.9% of the popula-
tion) were diagnosed with severe problematic drinking, which is 
medically diagnosed as alcohol use disorder (AUD) (2018 NSDUH; 
Stahre et al., 2014). AUD is conceptualized as a repeated cycle of 

binge drinking and associated euphoria, emergence of a negative 
emotional state followed by preoccupation and anticipation or 
craving (Koob & Le Moal, 2005; Koob & Volkow, 2016). One of the 
hypothesized mechanisms of compulsive drinking is through the 
development of negative reinforcement by which drinking would 
transiently relieve the hyperkatifeia (i.e., negative emotional symp-
toms) present during withdrawal; this causes the hedonic set point 
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Abstract
Background: Alcohol use disorder (AUD) is a complex psychiatric disease charac-
terized by high alcohol intake as well as hyperkatifeia and hyperalgesia during with-
drawal. A role for Sigma- 1 receptors (Sig- 1Rs) in the rewarding and reinforcing effects 
of alcohol has started to emerge in recent years, as rat studies have indicated that 
Sig- 1R hyperactivity may result in excessive alcohol drinking. Sig- 1R studies in mice 
are very scarce, and its potential role in alcohol- induced hyperalgesia is also unknown.
Methods: In this study, we investigated the role of Sig- 1R in alcohol drinking and as-
sociated hyperalgesia in male mice, using an intermittent access 2- bottle choice model 
of heavy drinking.
Results: The Sig- 1R antagonist BD- 1063 was found dose dependently to reduce both 
alcohol intake and preference, without affecting either water or sucrose intake, sug-
gesting that the effects are specific for alcohol. Notably, the ability of BD- 1063 to 
suppress ethanol intake correlated with the individual baseline levels of alcohol drink-
ing, suggesting that the treatment was more efficacious in heavy drinking animals. 
In addition, BD- 1063 reversed alcohol- induced hyperalgesia during withdrawal, as-
sessed using an automatic Hargreaves test, without affecting thermal sensitivity in 
alcohol- naïve animals or locomotor activity in either group.
Conclusions: These data show that Sig- 1R antagonism dose- dependently reduced 
ethanol consumption in heavy drinking mice as well as its efficacy in reducing alcohol- 
induced hyperalgesia. These findings provide a foundation for the development of 
novel treatments for AUD and associated pain states.
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to gradually shift to an allostatic hedonic state (Koob, 2020; Koob 
& Le Moal, 2001). In addition to negative affective states, sensory 
dimensions of pain (hyperalgesia, i.e., low pain threshold) have also 
been proposed to be part of the abstinence syndrome that contrib-
utes to continued alcohol use (Egli et al., 2012). Indeed, patients 
with a history of chronic alcohol use report more severe pain, which 
disrupts daily activities, and these same individuals report drinking 
more frequently to manage pain compared with nonproblem drink-
ers (Brennan et al., 2005). Furthermore, neural circuits activated 
by cycles of alcohol intoxication and withdrawal overlap with those 
that are hyperactive during chronic pain states (Egli et al., 2012; 
Robins et al., 2019).

The Sigma- 1 receptor (Sig- 1R) has been proposed as a promis-
ing target for the treatment of AUD. Originally misclassified as an 
opioid receptor, Sig- 1R is now recognized as a molecular chaper-
one that exists predominantly on the mitochrondrion- endoplasmic 
reticulum interface and serves as a calcium sensor (Alonso et al., 
2000; Hayashi & Su, 2001; Hayashi & Su, 2003; Martin et al., 1976; 
Pasternak, 2017). Upon activation, it dissociates from its binding 
partner binding immunoglobulin protein (BiP) and moves toward 
the cellular periphery, where it modulates a variety of effectors 
ranging from voltage- gated ion channels, G- protein- coupled re-
ceptors, and kinases and neurotransmitter transporters (Aydar 
et al., 2002; Balasuriya et al., 2012; Hong et al., 2017; Kinoshita 
et al., 2012; Kourrich et al., 2013; Navarro et al., 2010). We, as well 
as others, have found that Sig- 1R antagonists reduce alcohol self- 
administration (Sabino et al., 2009a), motivation to drink (Sabino 
et al., 2009a), alcohol- induced conditioned place preference 
(Bhutada et al., 2012), and reinstatement of both conditioned place 
preference (Bhutada et al., 2012) and operant alcohol- seeking be-
havior (Martin- Fardon et al., 2012) (see (Quadir et al., 2019) for a 
review). While these studies have been conducted mainly in rats, it 
remains unclear whether Sig- 1R also mediates heavy alcohol drink-
ing in mice.

Sig- 1R antagonists have been shown to alleviate neuropathic, 
inflammatory, and visceral pain (Merlos et al., 2017a). For exam-
ple, S1RA was shown to dose dependently inhibit both phases 
of formalin- induced nociception, capsaicin- induced mechanical 
and thermal hyperalgesia, and partial sciatic nerve injury (SNI)- 
induced mechanical and thermal hyperalgesia (Romero et al., 
2012). In another study, mice with SNI were allowed to operantly 
self- administer S1RA, which abolished SNI- induced anhedonia 
and mechanical allodynia (Bura et al., 2013). The Sig- 1R antagonist 
BD- 1047 has also been shown to be effective in treating chronic 
constriction injury (CCI)- induced mechanical allodynia (Choi et al., 
2013; Moon et al., 2015; Moon et al., 2013; Roh et al., 2008; Son 
& Kwon, 2010). Additionally, S1RA inhibits mechanical allodynia in-
duced by both carrageenan and complete Freund's adjuvant, 2 com-
monly used models of inflammatory pain (Gris et al., 2014; Tejada 
et al., 2014). Sig- 1Rs have also been investigated in the treatment 
of visceral pain, induced via intracolonic administration of capsaicin 
(Gonzalez- Cano et al., 2013). Indeed, Sig- 1R antagonists BD- 1063, 
NE- 100, and S1RA were able to reduce mechanical allodynia and 

associated abdomen licking, stretching, and retracting behaviors 
(Gonzalez- Cano et al., 2013). Similarly, Sig- 1R knockout mice do 
not develop mechanical allodynia in models of SNI- induced neu-
ropathy, paclitaxel- induced neuropathy, or intracolonic capsaicin 
(Castany et al., 2018; Gonzalez- Cano et al., 2013; Nieto et al., 
2012; de la Puente et al., 2009; Sanchez- Fernandez et al., 2014). 
Together, these studies confer a strong role for Sig- 1R in mediating 
inflammatory, neuropathic, and visceral pain. However, whether 
Sig- 1R contributes to hyperalgesia induced by heavy alcohol drink-
ing is unknown.

The aim of the present study was to examine the effect of 
the selective Sig- 1R antagonist BD- 1063 on both alcohol drink-
ing and associated hyperalgesia using a mouse model of heavy 
drinking.

MATERIAL S AND METHODS

Subjects

Male C57BL/6J mice (7 weeks old upon arrival, N = 50) were pur-
chased from Jackson laboratory (Bar Harbor, ME, USA). Mice were 
single- housed with Teklad Diet 2918 and water ad libitum in a hu-
midity-  and temperature- controlled AAALAC- approved vivarium on 
a 12- hr reverse light/dark cycle (lights off at 10:00 am). Procedures 
adhered to the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals, the Principles of Laboratory Animal 
Care, and were approved by the Institutional Animal Care and Use 
Committee (IACUC) of Boston University.

Drugs

Ethanol (20% v/v) was prepared from 190- proof ethanol diluted in 
tap water. Sucrose (1.15% w/v; Sigma Aldrich) was also dissolved in 
tap water. BD- 1063 × 2 HBr salt (1- [2- (3,4- dichlorophenyl)ethyl]- 
4- methylpiperazine dihydrobromide) was synthesized according to 
the previously reported procedure (de Costa et al., 1993). BD- 1063 
was solubilized in sterile, isotonic saline and administered intraperi-
toneally (i.p., 10 ml/kg). Drug dose was based on the salt weight 
(BD- 1063 × 2 HBr), such that the highest dose used, 30 mg/kg, cor-
responds to 18.75 mg/kg of free base (BD- 1063). Doses were cho-
sen based on previous studies from our laboratory and others (Blasio 
et al., 2015; Brammer et al., 2006; Cottone et al., 2012; Hiranita 
et al., 2010; Moore et al., 2017; Nguyen et al., 2005; Nguyen et al., 
2014; Nieto et al., 2014).

Intermittent access 2- bottle choice (IA2BC) to ethanol

Upon arrival, mice (n = 10) were acclimated for 1 week to the pres-
ence of two 50- ml conical tubes (Fisher Scientific, Pittsburgh, PA) 
equipped with rubber stoppers and 2.5” long straight metal- ball 
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bearing sipper tubes (Ancare) filled with tap water. Mice were then 
subject to an intermittent access to ethanol paradigm for several 
weeks (Figure 1). In this model of heavy alcohol drinking, 1 water 
bottle is replaced with a water bottle containing 20% (v/v) etha-
nol (EtOH) on alternating days; 2h into the dark cycle, preweighed 
bottles were provided and then removed and weighed again 24h 
later, as done previously (Hwa et al., 2011; Quadir et al., 2020a; 
Quadir et al., 2020b). It is important to note this is a chronic al-
cohol consumption protocol, where mice receive 24h access to 
alcohol every other day. In these studies, Sig- 1R antagonist ex-
periments began after several weeks of drinking (see Figure 1 for 
exact timeline). To account for spillage, 2 additional sets of bottles 
were preweighed placed on cages lacking mice. Water mice, con-
trol for the pain and locomotor activity experiments, received an 
identical treatment, except that the bottles were both filled with 
tap water.

On test days, 30 min before bottles on time, food was removed 
and BD- 1063 was administered (0, 10, 30 mg/kg, i.p.) in a balanced 
Latin square, within- subject design. 30 min after injection, pre-
weighed bottles and food were provided to the animals and ethanol, 
water, and food intake were recorded at 2h, 6h, and 24h.

Intermittent access 2- bottle choice (IA2BC) to sucrose

A separate cohort of animals (n = 7) underwent a procedure identi-
cal to the one above, except that 1.15% (w/v) sucrose was provided 
instead of ethanol. Drug treatments were conducted as described 
for the ethanol drinking experiment.

Thermal sensitivity testing (Hargreaves test)

Sensitivity to thermal stimuli was assessed in a separate set of mice 
(n = 23, 11– 12 per group, IA2BC and water controls), using a Plantar 
Test Analgesia Meter equipped with a heat- flux infrared radiometer 
(IITC, Woodland Hills, CA) with glass preheated to 32℃ and artifi-
cial intensity set to 30, similarly to our previous work (Quadir et al., 
2020a). The 2 test days occurred 24h after the last alcohol drink-
ing session. Mice were first habituated to the preheated glass for 
1hr, after which they were administered BD- 1063 (0, 30 mg/kg, i.p.). 
30 min later, they were tested for thermal sensitivity: An infrared 
beam was shined onto alternating paws (3– 5 times per paw), and 
latency to withdraw was recorded; a 20- sec cutoff was used to avoid 
tissue damage. Latencies were first averaged for each paw, then av-
eraged per animal (Cheah et al., 2016; Quadir et al., 2020b; Saika 
et al., 2015). On the days that followed the tests, mice were placed 
back on the regular intermittent drinking paradigm and allowed ac-
cess to ethanol for 2 drinking sessions before being tested again for 
thermal sensitivity. BD- 1063 was administered using a balanced, 
Latin square within- subject design, where doses were counterbal-
anced across test days.

Locomotor activity

In order to confirm that any behavioral effects seen were not con-
founded by potential stimulatory or sedative effects of BD- 1063, 
effects of BD- 1063 on locomotor activity were examined using an 
Opto- M3 activity system (Columbus Instruments, Columbus, OH) 
as reported previously (Dore et al., 2013; Iemolo et al., 2016; Moore 
et al., 2020). The same animals used in the ethanol drinking test 
were used for locomotor activity, after 4 further weeks of undis-
turbed drinking (see Figure 1). On the day prior to locomotor test-
ing, mice were habituated to the room and apparatus for 3h under 
red light. On test day, mice were habituated to the locomotor ap-
paratus for 1h and then were administered BD- 1063 (0, 30 mg/kg) 
in a mixed design; 2 treatment- free alcohol sessions were allowed 
between test days. After 30 min pretreatment time, beam breaks 
were recorded for 120 min. All locomotor testing occurred in the 
mouse home cage.

Statistics

Intake data were analyzed with repeated measure 2- way ANOVAs, 
with Dose and Time as within- subject factors. Thermal sensitivity 
data analyzed using a mixed design 2- way ANOVA, with Dose as a 
within- subject factor and ethanol as a between- subjects factor. A 3- 
way ANOVA was used to analyze locomotor activity, with Dose and 
time as within- subject factors and ethanol as a between- subject fac-
tor. Post hoc comparisons were performed using Student's Newman– 
Keuls test. The threshold for significance was set to p ≤ 0.05.F I G U R E  1  Experimental timeline
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RESULTS

Effect of BD- 1063 on ethanol intake

We found a highly significant effect of BD- 1063 on ethanol in-
take, Dose: F(2, 18) = 18.36, p ≤ 0.001; Time: F(1, 9) = 0.73, n.s. 
Time × Dose: F(2, 18) = 0.46, n.s.; post hoc analysis showed that the 
30 mg/kg dose significantly reduced alcohol intake by 43% and 46% 
at the 2- hr and 6- hr time point, respectively (Figure 2A). Notably, the 
efficacy of the highest dose of BD- 1063 (30 mg/kg) in suppressing 
alcohol intake significantly correlated with the individual baseline 
levels of drinking at both the 2- h (r(8) = 0.65, p ≤ 0.05) and the 6- h 
time points (r(8) = 0.70, p ≤ 0.05), as shown in Figure 2B, suggesting 
that BD- 1063 exerted a higher relative suppression of ethanol intake 

in heavy drinking mice, as compared to low drinking mice. BD- 1063 
also significantly affected preference for ethanol [Time × Dose: 
F(2, 18) = 1.31,n.s.; Time: F(1, 9) = 2.07,n.s.; Dose: F(2, 18) = 4.86, 
p ≤ 0.05]; post hoc analysis showed that the 30 mg/kg dose reduced 
preference by 32% and 27% at the 2- h and 6- h time points, respec-
tively (Figure 1D). We found no effect of BD- 1063 on water intake, 
Dose: F(2, 18) = 0.05, n.s.; Time: F(1, 9) = 3.74, n.s.; Time × Dose: 
F(2, 18) = 0.07, n.s. (Figure 2C), total fluid intake, Time × Dose: F(2, 
18) = 0.33, n.s.; Time: F(1, 9) = 2.98, n.s.; Dose: F(2, 18) = 2.18, n.s. 
(data not shown), or food intake, Time × Dose: F(2, 18) = 2.28, n.s.; 
Time: F(1, 9) = 7.72, p ≤ 0.05; Dose: F(2, 18) = 0.02, n.s. (Figure 2E). 
The effect of BD- 1063 on ethanol intake and preference did not ex-
tend to the 24- h time point, Intake: F(2, 18) = 2.86, n.s.; Preference: 
F(2, 18) = 0.65, n.s. (data not shown).

F I G U R E  2  Effect of BD- 1063 on ethanol (EtOH) intake (A), water intake (C), ethanol preference (D), and food intake (E). Data are 
normalized by body weight and represent mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 vs. Veh (Newman– Keuls test). (B) Correlation 
between the % reduction in ethanol intake by the 30 mg/kg dose of BD- 1063 and the 2- hr (left) and 6- hr (right) ethanol intake under vehicle 
(Veh) conditions

F I G U R E  3  Effect of BD- 1063 on sucrose intake (A) and water intake (B). Data are normalized by body weight and represent Mean ± SEM



1402  |    QUaDIR et al.

Effect of BD- 1063 on sucrose intake

BD- 1063 was found to affect sucrose intake, despite not reliably 
in 1 direction across time, Dose: F(2, 12) = 0.45, n.s.; Time: F(1, 
6) = 20.83, p ≤ 0.01; Time × Dose: F(2, 12) = 4.05, p ≤ 0.05; neither 
individual 1- way ANOVA at each time point, nor post hoc analysis 
revealed any significant differences among groups, as shown in 
Figure 3A. We found no effect of BD- 1063 on water intake, Dose: 
F(2, 12) = 1.51,n.s.; Time: F(1, 6) = 40.61, p ≤ 0.001; Time × Dose: F(2, 
12) = 0.74, n.s., as shown in Figure 3B. BD- 1063 had no effects on 
either sucrose or water intake at 24h, Sucrose: F(2, 12) = 2.25, n.s.; 
Water: F(2, 12) = 0.38, n.s. (data not shown).

Effect of BD- 1063 on thermal pain sensitivity

Mice with a history of alcohol drinking showed higher thermal pain 
sensitivity in the Hargreaves test during withdrawal, as compared 
to controls, as measured by a 20% reduction in latency to paw with-
drawal, as shown in Figure 4A. Pretreatment with BD- 1063 signifi-
cantly affected thermal sensitivity, Dose: F(1, 20) = 4.51, p ≤ 0.05; 
Ethanol: F(1, 20) = 2.90, n.s.; Dose × Ethanol: F(1, 20) = 3.88, 
p = 0.06. While BD- 1063 had no effect on paw withdrawal latency 
in alcohol- naïve, control mice, it was instead able to completely nor-
malize it in ethanol- withdrawn mice, which resulted in a latency that 
was statistically indistinguishable from the water- exposed controls. 
Interestingly, no correlations were found between either the indi-
vidual baseline levels of drinking and the threshold for thermal sen-
sitivity under vehicle (r(9) = 0.27, n.s.) (Figure 4B), or the individual 
baseline levels of drinking and the efficacy of BD- 1063 to reverse 
the threshold reduction in ethanol- exposed mice (r(9) = −0.32, n.s.) 
(Figure 4C).

Effect of BD- 1063 on locomotor activity

We found no effect of BD- 1063 on locomotor activity across Time 
in either group, Dose: F(1, 14) = 4.18, n.s. (p = 0.06); Time: F(11, 
154) = 6.76, p ≤ 0.001; Ethanol: F(1, 14) = 0.02, n.s.; Dose × Ethanol: 
F(1, 14) = 0.19, n.s.; Dose × Ethanol × Time: F(11, 154) = 1.69, n.s. 
(p = 0.08)], as shown in Figure 5A, or on total beam breaks, Dose: 
F(1, 14) = 4.18,n.s.; Ethanol: F(1, 14) = 0.02, n.s.; Dose × Ethanol: F(1, 
14) = 0.19, n.s., as shown in Figure 5B.

DISCUSSION

The current study investigated the role of Sig- 1R in excessive al-
cohol drinking and withdrawal- induced hyperalgesia in mice using 
an intermittent, 2- bottle choice access to ethanol paradigm. We 

F I G U R E  4  Effect of BD- 1063 on thermal sensitivity (paw 
withdrawal threshold) (A). Data represent mean ± SEM. 
*p ≤ 0.05 vs. Veh; # p ≤ 0.05 vs. Ctrl (Newman– Keuls test). 
(B) Lack of correlation between the paw withdrawal latency 
under vehicle (Veh) conditions and the 24- h ethanol intake under 
vehicle (Veh) conditions. (C) Lack of correlation between the % 
reduction in decreased paw withdrawal latency by the 30 mg/kg 
dose of BD- 1063 and the 24- h ethanol intake under vehicle (Veh) 
conditions
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found that the Sig- 1R antagonist BD- 1063 decreased both alcohol 
intake and preference without affecting concurrent water, total 
fluid, or food intake. In addition, this effect was selective for al-
cohol, as BD- 1063 had no effect on sucrose intake. BD- 1063 also 
reduced thermal hyperalgesia brought about by chronic alcohol 
drinking, without affecting pain sensitivity in control animals. 
There was a trend (p = 0.06) to a stimulatory effect of BD- 1063 
(regardless of history of ethanol drinking) in locomotor activity; 
however, this weak, nonsignificant increase cannot explain the 
effects seen in the drinking or pain tests, as BD- 1063 had no ef-
fect on either sucrose drinking or on thermal sensitivity in ethanol 
naïve mice.

Sig- 1R antagonists have been investigated as a potential ther-
apeutic for substance use disorders since the early 2000s, when it 
was found that the Sig- 1R is critical for the actions of both cocaine 
and alcohol in a conditioned place preference test (Maurice et al., 
2003; Romieu et al., 2000; Romieu et al., 2002). Since then, our 
and other laboratories have shown that antagonism of Sig- 1R is 
able to block a variety of alcohol addiction- related behaviors (re-
viewed in (Quadir et al., 2019)). In the context of home cage access 
to ethanol, Sig- 1R antagonists decrease ethanol drinking in rats 
under a continuous 24- h access model (Blasio et al., 2015; Sabino 
et al., 2009b); in the context of operant self- administration, Sig- 1R 
agonists and antagonists were shown to exert a bidirectional mod-
ulation of alcohol intake in a fixed ratio 1 as well as a progressive 
ratio schedule of reinforcement (Sabino et al., 2011; Sabino et al., 
2009a). Here, we show the ability of the Sig- 1R antagonist BD- 
1063 to dose dependently reduce high levels of ethanol intake in 
a different species, mice, and in a chronic, intermittent access to 
ethanol drinking paradigm. This model, initially proposed by Wise 
in 1973 and adapted into both rats and mice (Carnicella et al., 
2014; Hwa et al., 2011; Melendez, 2011; Sabino et al., 2013; Wise, 
1973), is known to induce high levels of alcohol intake and strong 
withdrawal behavioral phenotypes, such as heightened pain sensi-
tivity, aggression, and cognitive deficits (George et al., 2012; Hwa 
et al., 2015; Quadir et al., 2020a), as well as extensive molecular 
and biochemical phenotypes (reviewed in (Carnicella et al., 2014)). 
Notably, the ability of BD- 1063 in suppressing ethanol intake 
correlated with the individual baseline levels of alcohol drinking, 
suggesting that the drug is more efficacious the heavier the alco-
hol drinking is. In addition, BD- 1063 reduced preference for the 

ethanol solution at the 6- h time point and did not affect concur-
rent water intake or food intake, which speaks against a general 
malaise or performance suppressing effect of the drug.

In addition, the effects of BD- 1063 were selective for alcohol, 
as BD- 1063 treatment did not alter sucrose intake. One interesting 
note is that across the various drinking models, discrepant effects of 
Sig- 1R antagonist have been shown in the context of sucrose intake; 
indeed, 1 study using continuous (24/7) access to alcohol found that 
Sig- 1R antagonists increase sucrose intake (Sabino et al., 2009b), 
while another study showed no effect in operant behavior (Tapia 
et al., 2019). A reason for the discrepancy may be related to the dif-
ferent ligands employed; indeed, while this study used BD- 1063, the 
previous ones used NE- 100 and PD144418.

While several studies have shown increased sensitivity to nox-
ious thermal stimuli during alcohol withdrawal, many of these in-
volved the use of rats rather than mice, or were performed using 
experimenter- administered alcohol (Avegno et al., 2018; Fu et al., 
2015; Roltsch Hellard et al., 2017). The present study shows in-
stead the emergence of a hyperalgesic phenotype in mice that have 
been voluntarily drinking alcohol through an intermittent access 
paradigm, a phenotype that we have recently shown in this model 
(Quadir et al., 2020b). Indeed, the Sig- 1R antagonist BD- 1063 was 
able to completely reverse the alcohol- induced thermal hyperalge-
sia observed during withdrawal, suggesting a role of Sig- 1R activa-
tion in alcohol- induced pain states. Interestingly, BD- 1063 did not 
affect thermal sensitivity in alcohol- naïve mice, consistently with 
previous studies showing no inherent effects of Sig- 1R ligands on 
nociceptive pain (e.g., pain states not induced by an external factor) 
(Chien & Pasternak, 1995; Entrena et al., 2009; Kim et al., 2008). 
This is also in line with studies finding a role of Sig- 1R in sensitized 
(i.e., induced by nerve injury or inflammatory agent) but not base-
line conditions (Castany et al., 2018; Gonzalez- Cano et al., 2013; 
Nieto et al., 2012; de la Puente et al., 2009; Sanchez- Fernandez 
et al., 2014). Interestingly, the baseline levels of drinking did not 
correlate with either the chronic alcohol- induced reduction in ther-
mal sensitivity under vehicle conditions or the ability of BD- 1063 
to reverse the threshold reduction; this finding is consistent with 
what we reported previously (Quadir et al., 2020a) and suggests 
that there may be a threshold of ethanol intake that elicits hyper-
algesia in mice, above which the degree of the resulting pain state 
does not change. As assessed by measuring general motor activity, 

F I G U R E  5  Effect of BD- 1063 on locomotor activity across time (A) and during the entire observation period (B). Data represent 
mean ± SE
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BD- 1063 was found not to have any sedative effects, indicating 
the observed antihyperalgesic effects cannot be explained simply 
by a reduction in motor activity which would also increase the la-
tency to paw withdrawal. Of note is that BD- 1063 showed a trend 
to instead increasing motor activity which, however, did not reach 
significance.

Antihyperalgesic effects of Sig- R antagonists have been ex-
tensively studied in the context of neuropathic pain, and they 
are thought to involve both central and peripheral sites (Merlos 
et al., 2017a; Merlos et al., 2017b; Sanchez- Fernandez et al., 2017). 
Although Sig- R ligands are unable to bind opioid receptors directly, 
Sig- R receptor inhibition has been shown to enhance analgesia in-
duced by opioid drugs in nociceptive pain at both central and pe-
ripheral sites (Mei & Pasternak, 2002; Prezzavento et al., 2017; 
Sanchez- Fernandez et al., 2013) and to increase the antihyperal-
gesic effects of endogenous opioid peptides produced by immune 
cells that accumulate at inflamed sites (Tejada et al., 2017). This 
modulation of morphine- induced analgesia is due to Sig- Rs physi-
cally interacting with opioid receptors to restrain their functioning 
(Sanchez- Fernandez et al., 2017), such that Sig- R antagonism would 
inhibit pain hypersensitivity by "releasing the brake" (i.e., disinhib-
iting) and thereby enabling opioids (whether endogenous or exog-
enous) to better exert their antinociceptive effects. Since we have 
recently shown an interesting crosstalk between the opioid and 
Sig- R system in regard to the modulation of heavy alcohol drinking 
(Valenza et al., 2020), it is conceivable that a similar mechanism in-
volving the opioid signaling may apply to the antialcohol effects of 
Sig- 1R antagonism. In particular, we speculate that Sig- 1 antagonism 
may potentiate the effects of endogenous opioids, released follow-
ing alcohol drinking, at mu and delta opioid receptors and, therefore, 
make alcohol more reinforcing.

Alternatively, Sig- 1R antagonism may decrease alcohol intake 
by relieving the alcohol- induced hyperalgesia present during with-
drawal, thereby blocking the negatively reinforced vicious cycle. 
Within the brain, there are various areas whose function overlaps 
in chronic alcohol use and chronic pain that may be contributing 
to these effects (Egli et al., 2012; Robins et al., 2019). These areas, 
which include, among others, the prefrontal cortex, the anterior 
cingulate cortex, and the nucleus accumbens, all contain high den-
sities of both Sig- 1R and mu opioid receptors (Alonso et al., 2000; 
Baldo, 2016; Carcole et al., 2019; Cheng et al., 2008; Gianoulakis, 
2001; Richard & Fields, 2016). Future studies will directly probe 
the role of Sig- 1R in these areas in mediating the effects observed 
here. Although we did not examine the effect of BD- 1063 on eth-
anol pharmacokinetics, previous studies have found no effect of 
Sig- 1R antagonism on blood alcohol levels (Sabino et al., 2009b); 
we, therefore, expect the observed effects to be pharmacody-
namic and centrally mediated. One limitation of this study is that 
only males were examined; future work will need to ascertain the 
role of the Sig- 1R system in alcohol drinking and alcohol- induced 
pain states also in female animals. BD- 1063 has preferential, nano-
molar affinity for Sig- 1R, being 30- fold selective for Sig- 1R versus 
Sig- 2R sites (Brammer et al., 2006; Matsumoto & Mack, 2001). Still, 

it is possible, at the systemic doses administered here, that BD- 
1063 may be binding both Sig- R subtypes. BD- 1063 was chosen in 
this study because of its already established efficacy in models of 
addiction, but future studies will be needed to ascertain whether 
other Sig- 1R antagonists, such as NE- 100, S1RA, and PD144418, 
share similar effects.

In conclusion, our data provide novel insights into neurobiolog-
ical mechanisms underlying excessive alcohol drinking and alcohol- 
induced hyperalgesia and suggest Sig- 1R as a potential medication 
target for AUD.
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