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Nicotinic Mechanisms Modulate Ethanol Withdrawal and
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Withdrawal from Alcohol and Nicotine
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Alcohol and nicotine are among the top causes of preventable death in the United States. Unfortunately, people who are dependent on
alcohol are more likely to smoke than individuals in the general population. Similarly, smokers are more likely to abuse alcohol. Alcohol and
nicotine codependence affects health in many ways and leads to poorer treatment outcomes in subjects who want to quit. This study
examined the interaction of alcohol and nicotine during withdrawal and compared abstinence symptoms during withdrawal from one of
the two drugs only vs both. Our results indicate that simultaneous withdrawal from alcohol and nicotine produces physical symptoms that
are more severe and last longer than those experienced during withdrawal from one of the two drugs alone. In animals experiencing
withdrawal after chronic ethanol treatment, acute nicotine exposure was sufficient to prevent abstinence symptoms. Similarly, symptoms
were prevented when alcohol was injected acutely in mice undergoing nicotine withdrawal. These experiments provide evidence for the
involvement of the nicotinic cholinergic system in alcohol withdrawal. Furthermore, the outcomes of intracranial microinfusions of
mecamylamine, a nonselective nicotinic receptor antagonist, highlight a major role for the nicotinic receptors expressed in medial habenula
and interpeduncular nucleus during withdrawal. Overall, the data support the notion that modulating the nicotinic cholinergic system might

help to maintain long-term abstinence from alcohol.

INTRODUCTION

Alcohol use disorder is a major cause of economical and
societal problems. Up to 4% of yearly deaths worldwide can be
attributed to alcohol use (WHO, 2011). In the United States,
health care-related costs because of alcoholism surpass those
of cancer and obesity (CASA, 2000). Alcohol and tobacco
co-abuse is common. Nicotine-dependent smokers are four
times more likely to be diagnosed with alcohol abuse disorders
than nonsmokers, and alcohol-dependent individuals are
three times more likely to smoke (Grant et al, 2004).

One possible explanation for the high rate of co-abuse is
the ability of both alcohol and nicotine to enhance the
rewarding properties of each other. Acute, simultaneous
coexposure to ethanol and nicotine produces an additive
effect on dopamine release within the nucleus accumbens
(NAc) (Tizabi et al, 2007). Interestingly, if nicotine exposure
occurs first, the dynamics of dopamine signaling in response
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to ethanol change. Nicotine preexposure produces a blunted
dopamine signal that leads to an increase in ethanol self-
administration, suggesting that the interaction between
nicotine and ethanol is time dependent (Doyon et al,
2013a). In addition to altering reward responses, nicotine
and ethanol coadministration in rodents leads to cross-
tolerance and cross-cravings (Collins et al, 1988). This
phenomenon is also observed in humans, as alcohol
dependence correlates with an increase in the number of
cigarettes smoked and cigarette craving (Burton and Tiffany,
1997; Dawson, 2000; Henningfield et al, 1984). Finally, co-
abuse of nicotine and alcohol might be maintained by the
ability of one drug to reduce the aversive properties of the
other. For example, smoking partially improves the cognitive
deficits caused by drinking (Ceballos, 2006). The literature in
humans is complemented by numerous preclinical studies
that point to the involvement of the nicotinic cholinergic
system in alcohol abuse (Chatterjee and Bartlett, 2010;
Rahman et al, 2014).

Some of the symptoms produced by abstinence from
alcohol or nicotine are very similar, suggesting some overlap
in the circuits and the molecular mechanisms involved in the
manifestations of withdrawal (Hughes et al, 1994; Saitz,
1998). In support of this notion, upon cessation of both
nicotine and ethanol, acetylcholine levels increase and
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dopamine levels decrease in the NAc. In addition, vareni-
cline, a partial nicotinic acetylcholine receptor (nAChR)
agonist used for nicotine cessation therapy, may reduce
alcohol consumption in heavy smokers (Erwin and Slaton,
2014; Litten et al, 2013; Ray et al, 2014), further underscoring
the role of nAChRs in the mechanisms of alcohol addiction
(Chatterjee and Bartlett, 2010; Rahman et al, 2014).
Moreover, brain areas that have been shown to regulate
affective behavior and nicotine withdrawal symptoms are
possible candidate regions for regulating the emergence of
withdrawal-associated behaviors after ethanol cessation.
The overall goal of this study was to evaluate the role
of nAChRs in the physical manifestations of ethanol
withdrawal and to determine whether, and how, nicotine
co-abuse affects alcohol withdrawal symptoms. In addition,
we utilized intracranial injections of a nAChR antagonist
to examine the role of the medial habenula (MHb) and
interpeduncular nucleus (IPN) during withdrawal from
ethanol alone, or nicotine and ethanol coadministration.

MATERIALS AND METHODS
Animals

We examined 2- to 6-month-old male and female C57BL/6]
mice. Weaning occurred 21 days after birth and same-sex
littermates were housed in cages containing a maximum of
five animals with ad libitum access to food pellets (Labdiet
5001, PMI, Brentwood, MO) and water. Mice were housed
in a 12-h light/dark cycle, temperature-controlled room
(24 +2 °C, relative humidity 55 + 10%). All behavioral testing
occurred during the light cycle. All procedures were
approved by the institutional animal care and use committee
and followed the guidelines for animal intramural research
from the National Institute of Health.

Chronic Alcohol Treatment

Mice received a chronic ethanol treatment that has been
successfully utilized to induce ethanol withdrawal symptoms
upon treatment cessation (Farook et al, 2007). Briefly, mice
were injected daily with either 2 g/kg (20% w/v) ethanol or
saline for a minimum of 9 days. Both solutions contained
9mg/kg of the alcohol dehydrogenase inhibitor 4-methy-
Ipyrazole (4MP, Sigma-Aldrich, St Louis, MO) to prolong the
half-life of plasma ethanol (Farook et al, 2007; Perez and
De Biasi, 2015).

Nicotine and Ethanol Cotreatment

Mice were treated by adding nicotine (200 pl/ml, Sigma-
Aldrich) into the drinking water for 6 weeks. In the drinking
water of treatment and control groups, 2% saccharine was
added (to mask the bitter flavor of nicotine) (Salas et al, 2009;
Sparks and Pauly, 1999; Zhang et al, 2012). In coadministration
experiments, mice received ethanol or control injections
during the last 10 days of nicotine treatment. Mice were
injected with ethanol intraperitoneally (i.p.) because of
reported pharmacokinetic interactions that lead to reduced
ethanol plasma levels during simultaneous oral exposure to
ethanol and nicotine (Chen and Harle, 2005). This effect was
suggested to be due to a nicotine-induced delay in gastric
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emptying (Chen and Harle, 2005) that favors increased
ethanol metabolism by the gastric enzyme alcohol dehydro-
genase. This nicotine—ethanol interaction had been reported
earlier, but those authors concluded that it was not based on
pharmacokinetics as nicotine does not seem to affect the
elimination rate of ethanol and vice versa (Collins et al,
1988).

Blood ethanol concentrations (BECs) were measured in
controls and mice chronically treated with nicotine. Whole
trunk blood samples were taken 1, 4, and 6 h after ethanol
injections. Blood plasma was analyzed using a colorimetric
ethanol assay kit from Sigma-Aldrich (MAKO076). No signifi-
cant changes in BECs were observed between control-treated
and nicotine-treated mice at any time point. Similar to what
has been previously reported (Perez and De Biasi, 2015;
Sparks and Pauly, 1999), BECs were 168.3 mg/dl (STE +12.8
n=238) at 1 h after ethanol injections and such alcohol plasma
levels were decreased by 50 and 84% at 4 and 6h after
ethanol treatment, respectively.

Surgical Procedure for Brain Cannulation

Animals were anesthetized with isoflurane and stereotacti-
cally implanted with a bilateral or unilateral cannula guide
(26 G, Plastics One Roanoke, VA) into MHb, IPN, or control
areas. The coordinates used for cannula placement were as
follows from bregma: MHDb, anterior/posterior (AP) —0.17
medial/lateral (ML) + 0.025, dorsal/ventral (DV) —0.27; IPN,
20° angle, AP —0.36, ML+0.17, DV —0.49; hippocampal control,
10° angle, AP —0.2, ML +0.17, DV —0.2; ventral tegmental
area (VTA) control, 10° angle, AP —0.36, ML +0.16-0.2, DV
0.46 (Salas et al, 2009). Three holes were drilled for place-
ment of small anchoring screws (>0.8 mm diameter) and
the cannula base was secured with dental cement (Stoelting,
Wood Dale, IL). A dummy cannula, which was removed
upon testing, was inserted into the cannula guide. At the end
of each experiment, cannula placement was verified by
a microinjection of 0.5ul methylene blue, as previously
described (Salas et al, 2009).

Spontaneous Withdrawal Testing

Single-drug treatment. At 24 h after the last ethanol injec-
tion or nicotine deprivation, mice were placed in a cage and
monitored for 20 min. The occurrence of the following
physical (also called somatic) signs was noted: shaking,
scratching, grooming, paw tremors, chewing, ptosis, vocali-
zations, tail rattling, cage scratching, and writhing behaviors,
and the sum of all physical signs was used for comparisons
(Economidou et al, 2011; Majchrowicz, 1975; Salas et al,
2004; Salas et al, 2009). A small subset of animals received
either an acute injection of 1 g/kg ethanol 1h before testing
or 0.3 mg/kg nicotine 10 min before testing.

Drug cotreatment. Analysis of withdrawal behavior in
mice cotreated with nicotine and ethanol was similar to that
conducted in mice under single ethanol or nicotine treatment.
Testing took place over the course of 4 days. To examine
spontaneous withdrawal, mice were injected with ethanol,
and nicotine water was replaced with control water. Physical
signs were monitored for 20 min at 4, 24, 48, and 72h
after ethanol and nicotine cessation. In some experiments,



cotreated mice were kept on either nicotine or ethanol,
whereas the other drug was withdrawn. This was achieved by
continuing access to nicotine water or injecting ethanol daily,
4h before testing. A comprehensive table diagramming all
the specific drug treatments and withdrawal scenarios can be
found in Supplementary Table 1.

Mecamylamine-Precipitated Withdrawal

We used mecamylamine (Sigma-Aldrich), a nonselective
nicotinic receptor antagonist, to precipitate withdrawal in
mice treated with ethanol. Physical signs were monitored for
20 min at 3.5 h after the last ethanol treatment, after which
mice received an i.p. injection of 1mg/kg mecamylamine
(Sigma-Aldrich) and were again observed (20 min), 10 min
later, for changes in physical signs. To determine the dose-
response relationships for mecamylamine, a subset of mice
was treated with either ethanol, nicotine, or both nicotine
and ethanol, and various doses of mecamylamine (0, 1, 2,
and 3 mg/kg) were used to precipitate withdrawal.

Testing of Locomotor Behavior

The open field arena (OFA) was used as a behavioral task to
measure locomotor behavior. Briefly, mice were tested in the
OFA (40 cm x 40 cm x 40 cm) for 30 min while the computer
automated software AnyMaze (Stoelting) tracked the move-
ment of the mouse throughout the apparatus. To measure
the effect of mecamylamine administration on locomotor
behavior, drug-naive mice received a series of increasing
mecamylamine doses before being placed in the OFA. The
OFA was also used to measure the effect of acute nicotine or
ethanol on locomotion in mice chronically treated with
ethanol or nicotine, respectively. In the nicotine treatment
group, mice received an injection of 1 g/kg ethanol 1 h before
testing in the OFA. In the chronic ethanol treatment group,
mice received an i.p. injection of 0.3 mg/kg nicotine 10 min
before being placed in the apparatus.

Intracranial Infusions of Mecamylamine

Mice were treated with ethanol only, or nicotine plus
ethanol, as described above. At 3 days before testing, mice
were implanted with chronic cannulae directed toward MHb,
IPN, hippocampus (Hippo), or VTA. On testing day, mice
received a microinfusion of 0.5ul of either saline or
mecamylamine (2 pg/ul) over the time course of 3 min, at a
rate of 0.25 pl/min (Salas et al, 2009). Mice were then placed
into a home cage and 10min later were monitored for
changes in physical signs. For ethanol-only-treated mice,
microinjections occurred 4h after ethanol injection. For
cotreated mice, chronic cannulae were implanted toward the
MHb or the IPN 3 days before testing. Microinjections
occurred 4, 24, 48, and 72 h after either ethanol or nicotine
cessation.

Data Analysis and Statistics

Data were examined by Student’s t-test or ANOVA.
When appropriate, ANOVA with repeated measures was
used. The Newman-Keuls post hoc test was used for specific
comparisons.
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RESULTS

Mecamylamine Precipitates Physical Signs of Ethanol
Withdrawal

Treatment with daily ethanol injections produced a signi-
ficant increase in physical signs 24 h after ethanol cessation
(Figure 1la, Student’s t-test p<0.001). The increase in
physical signs during withdrawal was similar to what our
lab and others have described in nicotine-treated mice during
both spontaneous and mecamylamine-precipitated with-
drawal (Salas et al, 2004; Salas et al, 2009). Therefore, we
hypothesized that shared molecular mechanisms might
underlie the physical manifestations of ethanol and nicotine
withdrawal. In order to test this hypothesis, ethanol and
control-treated mice received an i.p. injection of the non-
selective nicotinic receptor antagonist mecamylamine (1 mg/
kg) to precipitate physical signs of withdrawal. Mecamyla-
mine injections produced a significant increase in somatic
signs exclusively in ethanol-treated mice (Figure 1b), result-
ing in a significant treatment x mecamylamine interaction
(F(1,10) =12.564, p=0.005). Overall, these data suggest that
nAChRs modulate some of the physical manifestations of
ethanol withdrawal.

We then proceeded to compare the effects of mecamyla-
mine over a range of doses. For this experiment, a group of
mice received either nicotine in the drinking water or ethanol
injections. Over the course of several days, mice were
injected with various mecamylamine doses (0, 1, 2, or 3 mg/kg)
and tested for changes in somatic signs. On the final day of
testing, physical signs were observed during spontaneous
withdrawal from the respective treatment. An ANOVA with
repeated measures was used to analyze the data and
demonstrated a significant interaction between drug and
mecamylamine doses (F(3,30) =173.522, p<0.001; Figure 1c).
Both ethanol- and nicotine-treated mice had significant
increases in somatic signs after mecamylamine. However,
ethanol-treated mice were more sensitive to mecamylamine
injection, displaying increased somatic signs at 1 mg/kg
mecamylamine and significantly more signs than nicotine-
treated mice at 2 mg/kg. At a dose of 3 mg/kg mecamyla-
mine, ethanol-treated mice became extremely sedated,
making it difficult to observe changes in physical signs. To
explore the potential sedative properties of mecamylamine,
we conducted a control experiment and showed that when
drug-naive mice are tested in the OFA, mecamylamine alone
does not produce sedation or hypolocomotion, even at a dose
as high as 10 mg/kg (F(3,18) =0.719, p =0.554; Supplemen-
tary Figure 1). Nicotine-treated mice showed significant
increases in somatic signs beginning at a dose of 2 mg/kg
mecamylamine (Figure 1c). Interestingly, during sponta-
neous withdrawal, ethanol and nicotine withdrawal led to
comparable signs of withdrawal (F(1,10)=0.986, p=3.44;
Figure 1d).

Microinjection of Mecamylamine into MHb and IPN are
Sufficient to Precipitate the Physical Signs of Ethanol
Withdrawal

Our lab has previously highlighted the role of nAChRs in
MHb and IPN in mediating physical symptoms of nicotine
withdrawal (Salas et al, 2009). As antagonism of nAChRs can
precipitate physical signs of withdrawal in ethanol-treated
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nAChRs modulate physical signs of ethanol withdrawal. (a, b) Control- and ethanol (ETOH)-treated mice were tested for changes in physical signs

during spontaneous (a) or mecamylamine-precipitated withdrawal (MEC, b). Only ethanol-treated mice displayed significant increases in physical signs.
(¢, d) Mice were treated with either ethanol injections or nicotine (NIC) in their drinking water. Physical signs were measured following various doses of the
nicotinic receptor antagonist, mecamylamine (c) or during spontaneous withdrawal (d). Although ethanol-treated mice were more sensitive to the effects of
mecamylamine (c), during spontaneous withdrawal they exhibited symptoms similar to those observed in nicotine-withdrawing mice (d). Animal numbers are
as follows: (a) 8 per experimental group; (b) 5 Control, 7 ETOH,; (c, d) 6 per experimental group. **P>0.01 compared with control and Mec (0) group,

#5>001 compared with NIC at same dose.

mice, we tested the hypothesis that MHb and IPN also
participate in the mechanisms of ethanol withdrawal. On
ethanol treatment day 7, mice were implanted with cannulae
directed to the MHD, IPN, Hippo, or VTA. On testing day 1,
4h after the last ethanol injection, mice received an
intracranial infusion of saline or mecamylamine (1 pg), and
10 min later were examined for the emergence of physical
signs. The following day, mice were again treated with
ethanol, and 4 h later received the opposite treatment. For
example, mice that received saline on the first day of testing
received mecamylamine the following day and vice versa.
Only mice verified for correct site infusions were used for
analysis (see Supplementary Figure 2 for the location of
individual injections).

Infusions of mecamylamine into either MHb or IPN
produced similar results (Figure 2a and b). An ANOVA with
repeated measures was used to analyze data for each site
individually. For both MHb and IPN there was a significant
interaction between ethanol treatment and microinjection
(Fair(1, 12) = 15588, p=0.002; Frpn(1, 19) =25.086, p<0.001).
In ethanol-treated mice, antagonism of nAChRs in the MHb
or IPN significantly increased the total number of physical
signs displayed. Saline injections had no effect in either
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ethanol- or control-treated animals. Infusions into Hippo
and VTA were used as control sites and analyzed together.
Mice used for control sites were all treated with ethanol.
Hippo and VTA were chosen as control sites because these
two brain areas express nAChRs that have been shown to
modulate nicotine and morphine withdrawal (Muldoon et al,
2014; Salas et al, 2009). In addition, we previously used
Hippo and VTA as control sites for the MHb and IPN,
respectively, to examine mecamylamine-precipitated nico-
tine withdrawal (Salas et al, 2009). Mecamylamine had no
effect in either of the control area (Fsje x mfusion(1, 9) = 0.112,
p=0.745, Figure 2c).

Continued Exposure to Either Nicotine or Ethanol Is
Sufficient to Prevent Withdrawal in Ethanol/Nicotine
Cotreated Mice

Given the potential influence of nAChRs on the physical
symptoms of ethanol withdrawal, we investigated how
coexposure to nicotine and ethanol would affect the emergence
of withdrawal symptoms. Mice were treated with no drug,
nicotine only, ethanol only, or both nicotine and ethanol. As
anticipated, mice receiving nicotine-only or ethanol-only
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Figure 2 MHb and IPN, but not hippocampus or VTA, play a role in modulating physical signs of ethanol withdrawal. (a, b) Mice treated with either control
or ethanol (ETOH) injections received saline or mecamylamine (MEC) infusions into either MHB or IPN. Physical signs increased significantly after
mecamylamine infusions only in mice treated with ethanol. (c) Hippocampus (Hippo)- and VTA-cannulated mice were treated with ethanol and received
infusions of saline or mecamylamine. Physical signs did not increase after mecamylamine treatment in these experimental subjects. Animal numbers are as
follows: (a) 5 Controls and 9 ETOH; (b) 8 Controls and 13 ETOH; (c) 6 Hippo and 5 VTA. *¥P<0.01 compared with all groups.

exhibited a significant increase in the number of physical
signs 24 h after drug cessation (Figure 3a). By 48 h, somatic
signs had significantly subsided, although they were still
significantly different from the signs observed 4 h after drug
cessation and in no-drug, control mice. In contrast,
simultaneous withdrawal produced a physical syndrome that
began at 24h and persisted up to at least 72h after drug
cessation. When compared with single-drug-treated, somatic
signs at 24h were attenuated but later time points were
significantly higher than those of single-substance-treated
mice. Overall, when compared with single-drug-treated
mice, simultaneous withdrawal from nicotine and ethanol
produced a significant difference in severity and overall time
course of physical signs (Ficx rron xTime(3, 120) =73.326,
p<0.001).

The high occurrence of smoking in alcohol-dependent
individuals suggests that the use of one drug fosters and
maintains the abuse of the other. Therefore, we hypothesized
that continued use of one of the two drugs would be
sufficient to alleviate withdrawal symptoms from the other.
Cotreated mice were tested for withdrawal from either
nicotine or ethanol (Figure 3b). Continued use of either one
of the two drugs attenuated the emergence of physical
symptoms up to 72 h (F(1, 13) =6.139, p=0.946). Given that
continued exposure to either nicotine or ethanol is sufficient
to prevent the expression of physical signs of withdrawal in
cotreated mice, we wanted to test whether previous exposure
to both alcohol and nicotine was required. Mice chronically
treated with either ethanol only or nicotine only were
examined for withdrawal signs. Subsequently, they were retested
after receiving acute injections of either nicotine (ethanol
treated) or ethanol (nicotine treated). Acute administration
of either nicotine (Figure 3¢, Frreatmentx Acute mj(1,35)=
32.265, p<0.001) or ethanol (Figure 3d Frreatmentx Acute Inj
(1,30) =29.973, p<0.001) was sufficient to attenuate with-
drawal symptoms. It should be noted that the doses
of nicotine (0.3 mg/kg, 10 min before testing) and ethanol
(1 g/kg, 1 h before testing) used did not produce any changes
in locomotor activity when tested in the OFA (not shown).

Acute ethanol and nicotine had no effect in control mice
(Supplementary Figure 3A and B).

Nicotinic Receptors in MHb and IPN Influence
Withdrawal in Cotreated Mice

Based on the results obtained in ethanol-only-treated mice,
we further explored how nAChRs influence withdrawal in
ethanol/nicotine cotreated mice. First, withdrawal was
precipitated by i.p. injections of mecamylamine (0, 1, 2, or
3 mg/kg) at 4 h after ethanol treatment (Figure 4a), whereas
mice had access to nicotine up to testing. Compared with a
no-drug control group, mecamylamine triggered withdrawal
at 2 and 3mg/kg (FprugxTime(l,30)=22.892, p<0.001).
Interestingly, unlike what was observed in ethanol-only-
treated mice, cotreated mice did not exhibit increased
sensitivity to the effects of mecamylamine. In fact, with-
drawal symptomatology was similar to that observed during
nicotine-only withdrawal (Figure 1c).

Given that the MHb/IPN circuit has a major influence on
the physical symptoms of nicotine and ethanol withdrawal,
we tested whether nAChRs within the MHb and the IPN also
influence withdrawal during codependence. As we found
that intra-Hippo and intra-VTA mecamylamine injections
did not precipitate somatic signs during ethanol-only or
nicotine-only withdrawal (Salas et al, 2009), we focused our
experiments on MHb and IPN. Cotreated mice underwent
ethanol-only, nicotine-only, or simultaneous nicotine and
ethanol withdrawal. Mice received microinjections of saline
4, 24, and 72 h after drug cessation, whereas mecamylamine
was injected 48 h after drug removal. Only mice verified for
correct infusion site were used for analysis (Supplementary
Figure 4).

Saline microinjections into either MHb (Figure 4b) or IPN
(Figure 4c) had no effect in mice from the no-drug group
or those withdrawn from both nicotine and ethanol
Saline microinjections also had no effect in MHb and IPN
implanted mice that kept receiving one drug while with-
drawing from the other. Mecamylamine infusion in either
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Figure 3 In codependent mice, simultaneous withdrawal produces long-lasting symptoms that are attenuated by continued exposure to either nicotine or
ethanol. (a) Mice were treated with either control, ethanol (ETOH), nicotine (NIC), or both. Physical signs were observed 4, 24, 48, and 72 h after drug
cessation. All drug groups exhibited increases in signs at 24 h, but only simultaneous withdrawal of ethanol and nicotine produced sustained symptoms that
persisted at least for 72 h after treatment. (b). Cotreated mice underwent ethanol-only or nicotine-only withdrawal. Continued exposure to at least one drug
protected against the emergence of somatic signs during withdrawal. (c, d) Mice treated with either chronic ethanol only (c) or chronic nicotine only (d) were
observed for changes in physical signs during spontaneous withdrawal. Mice were then treated with an acute administration of either saline, 0.3 mg/kg nicotine
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MHb or IPN did not produce further increases of physical =~ mecamylamine in the IPN was able to precipitate withdrawal
signs in mice undergoing simultaneous withdrawal. In  signs in mice with either continued nicotine or ethanol
cotreated mice that had continued access to at least one treatment (Frreatment x Microinjection(9> 69) =10.322, p<0.001,
drug, intra-MHb infusions of 1 pg mecamylamine were suffi-  Figure 4c). Overall, the results suggest that withdrawal
cient to precipitate withdrawal (Figure 4b; Fryeatment x Infusion from nicotine and ethanol coexposure is influenced by the
(9,57) =14.011, p<0.001). Similarly, a microinfusion of 1 ug ~ MHb/IPN circuit.
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mecamylamine at various doses to precipitate withdrawal. Physical signs increased significantly only after 2 and 3 mg/kg mecamylamine. (b, ¢) Mice underwent the
following withdrawal scenarios: ethanol only, nicotine only, or simultaneous withdrawal from both nicotine and ethanol. Mice received saline infusions into MHb (b)
or IPN (c) at 4, 24, and 72 h after drug cessation. A physical withdrawal syndrome was precipitated with mecamylamine (1 pg) at 48 h. The nAChR antagonist
triggered withdrawal symptoms in the asymptomatic animals allowed access to one drug during withdrawal from the other. Mecamylamine had no effect on control
mice and did not exacerbate withdrawal symptoms in mice undergoing withdrawal from both nicotine and ethanol. Animal numbers are as follows: (a) 6 per
experimental group; (b) 8 Control, 5 NIC, 5 ETOH, and 5 both; (c) 8 Control, 6 NIC, 7 ETOH, and 6 both. *¥P<0.01 compared with no-drug control.

DISCUSSION

The high occurrence of alcohol and tobacco co-abuse
suggests that nicotine and alcohol share common mechan-
isms throughout the addiction process (Dani and Harris,
2005; Doyon et al, 2013b; Hurley et al, 2012; Rahman et al,
2014). Understanding the mechanisms of interaction be-
tween the two drugs has direct relevance for cessation
strategies and treatment outcomes for alcoholics who are also
addicted to nicotine. A subset of alcoholics undergoing
treatment for alcohol abuse reported that smoking helped
them cope with the urge to drink (Asher et al, 2003; Gulliver
et al, 1995; Kalman et al, 2001), suggesting that nicotine may
attenuate the negative emotional and physical states that

emerge during ethanol withdrawal. This study examined the
pharmacological and circuit-level mechanisms underlying
the physical symptoms of withdrawal.

As previously reported by us and others (Economidou
et al, 2011; Majchrowicz, 1975; Perez and De Biasi, 2015), we
confirmed that ethanol withdrawal has a physical compo-
nent. Physical symptoms were detected upon spontaneous,
nondrug-induced withdrawal from ethanol and were similar
to those observed during spontaneous withdrawal from
nicotine. Physical signs could be precipitated in alcohol-
treated mice by systemic injection of mecamylamine, a
nAChR antagonist commonly used to study nicotine with-
drawal (Salas et al, 2004; Salas et al, 2009). Surprisingly, mice
treated with ethanol were more sensitive to the effects of
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mecamylamine than mice treated with nicotine. A dose of
1 mg/kg mecamylamine could trigger withdrawal symptoms
in ethanol- but not nicotine-treated subjects, and 3 mg/kg
mecamylamine induced sedation, an effect not observed in
control mice injected with mecamylamine alone or when
the drug was used to precipitate nicotine withdrawal.
These results point to a direct involvement of the nicotinic
cholinergic system in the mechanisms of ethanol withdrawal
and suggest molecular adaptations that might differ for
ethanol vs nicotine abuse.

We then asked whether withdrawal symptoms would be
different in mice cotreated with nicotine and ethanol. Our
study suggests that simultaneous withdrawal from nicotine
and ethanol differs from withdrawal from each individual
drug. Physical signs are present significantly longer in mice
undergoing simultaneous withdrawal from nicotine and
ethanol. In rodents, physical signs peak within 12-48 h after
drug cessation and then subside when treated with nicotine
or ethanol individually (Hershon, 1977; Majchrowicz, 1975).
However, in cotreated animals, symptoms continued to
increase for at least 72 h after drug cessation. If cotreated mice
were withdrawn from only one drug, withdrawal was
attenuated, suggesting that one drug can mitigate the negative
effects associated with withdrawal from the other. Such effect
does not require chronic exposure to nicotine or ethanol, as
acute nicotine administration in ethanol-treated mice (and vice
versa) is sufficient to reduce physical signs of withdrawal.

When mecamylamine was used to precipitate withdrawal
in cotreated mice, symptom intensity was similar to that
observed in mice withdrawn from nicotine only and the
increased sensitivity exhibited by ethanol-only-treated mice
was no longer observed. Because all mice were treated with
nicotine before ethanol cotreatment and had access to
nicotine up to the testing time, it is possible that nAChR
occupancy by nicotine may prevent the ethanol-mecamyla-
mine interaction observed in ethanol-only-treated mice.
Alternatively, the phenomenon might reflect cellular adapta-
tions produced by chronic nicotine treatment.

Nicotine’s ability to attenuate the negative emotional and
physical states that emerge during ethanol withdrawal could
be because of the ability of nicotine to normalize decreased
dopamine levels associated with alcohol cessation. In the
NAc, acute administration of either ethanol or nicotine
causes an increase in dopamine release, in part because of
activation of nAChRs in the VTA (Doyon et al, 2013b).
Concurrent, acute administration of nicotine and ethanol
produces a synergistic effect leading to dopamine release that
is significantly higher than that produced by each drug
individually (Tizabi et al, 2007). However, when nicotine
administration precedes acute alcohol treatment, the
ethanol-induced increases in dopamine release are attenu-
ated and dopamine neuronal firing is suppressed in the VTA
(Doyon et al, 2013a). Although the mechanisms underlying
the acute interactions between alcohol and nicotine are being
revealed (Doyon et al, 2013b), the effect of chronic nicotine
treatment on ethanol-induced changes in dopamine levels
and behavior needs further study.

Given the interactions of nicotine and alcohol on with-
drawal behaviors, brain areas that have been shown to
regulate affective behavior and withdrawal symptoms are
possibly involved. MHb and IPN are among those candidate
areas (Baldwin et al, 2011; Salas et al, 2009). We previously
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used local infusions of mecamylamine to identify MHb and
IPN as brain structures that influence the manifestations of
nicotine withdrawal (Salas et al, 2009). Mecamylamine
infusions into MHB and IPN of ethanol-only-treated mice
led to increased physical signs, suggesting that the MHb/IPN
axis also plays a role in ethanol withdrawal. In cotreated
mice, mecamylamine infusions into either MHb or IPN
could also precipitate withdrawal in mice still exposed to one
of the drugs. This suggests that nAChRs within the MHb/
IPN axis are required in order for either nicotine or ethanol
to be able to prevent the emergence of withdrawal symptoms
during periods of abstinence from one of the two substances
of abuse. Hence, nAChRs expressed within the MHb and
IPN are potential targets for drug development.

Both MHb and IPN express nAChRs containing the
subunits encoded by the CHRNAS5-CHRNA3-CHRNB4 gene
cluster. In humans, certain single-nucleotide polymorphisms
within this gene cluster represent risk alleles for nicotine
dependence (Berrettini and Doyle, 2012), whereas other
polymorphisms may influence alcohol-related behaviors
(Choquet et al, 2013; Hallfors et al, 2013; Joslyn et al, 2008;
Wang et al, 2009). In rodents, a5-, a3-, and f4-containing
nAChRs influence the rewarding and aversive properties of
nicotine (Fowler et al, 2011; Morel et al, 2013) and the
symptoms accompanying its withdrawal (Jackson et al, 2013;
Salas et al, 2004; Salas et al, 2009). As the present study also
implicates MHB and IPN in ethanol withdrawal, it is
tempting to speculate that nAChRs containing the a5, a3,
and/or the f4 subunits within these brain structures are
responsible for the phenomenon we observed. This hypoth-
esis is further substantiated by the fact that those receptor
subunits may affect other ethanol-related behaviors (Gallego
et al, 2012). As nAChRs comprising @3, f4, and/or a5
subunits can partially modulate symptoms of abstinence
from morphine (Muldoon et al, 2014; Rho and Glick, 1998),
the MHDb/IPN axis could represent a common circuit for the
expression of physical abstinence symptoms for various
drugs of abuse.

Few studies have focused on the severity of withdrawal
symptoms in patients simultaneously undergoing alcohol
detoxification and smoking cessation. Most have focused on
the overall outcome of long-term ethanol cessation. In a 2011
report, Jacques et al, (2011) recorded the withdrawal
symptoms of patients hospitalized for alcohol detoxification
that were simultaneously undergoing smoking cessation.
Both smoking and nonsmoking patients received benzodia-
zepines, but smokers were not provided with any smoking
cessation aid, including nicotine replacement therapy.
Compared with nonsmoking patients, smokers displayed
increased physical signs, such as higher blood pressure, and
required higher doses of benzodiazepines. In addition, when
assessed with the Clinical Institute Withdrawal Assessment
of Alcohol Scale, smokers reported an increase in withdrawal
symptoms that lasted a few days (Jacques et al, 2011). A
different study of simultaneous nicotine and alcohol cessa-
tion showed that before a relapse event, subjects had
increased smoking urges, decreased positive mood, and
decreased confidence in the ability to resist the urge to smoke
(Holt et al, 2012). Patients who relapsed to alcohol reported a
recent relapse to smoking, as well as increased urges to
smoke (Holt et al, 2012). The ability for a recent smoking
relapse to trigger a subsequent alcohol relapse after



concurrent alcohol and nicotine cessation is not surprising,
as smoking has been shown to produce compulsive alcohol
cravings (Dawson, 2000; Hillemacher et al, 2006).

The preclinical data we present and the human studies in
the literature indicate that in alcoholics who are also addicted
to nicotine, addressing both dependencies might help to
achieve long-lasting abstinence from alcohol. Recent clinical
trials have shown promising results in subjects treated with
varenicline, an FDA-approved aid for smoking cessation.
Alcohol-dependent individuals who received varenicline
treatment reported a significant decrease in alcohol cravings
and consumption when compared with placebo-treated
controls (Erwin and Slaton, 2014; Litten et al, 2013; Ray
et al, 2014). The exact mechanism underlying the ability of
varenicline treatment to reduce alcohol consumption is not
well understood as changes in alcohol consumption because
of varenicline are independent of patients smoking status
(Litten et al, 2013). Varenicline acts on a number of nAChRs
including o4p2, a3p4, a3f2, and a7- and a6-containing
nAChRs (Mihalak et al, 2006). The f2-containing nAChRs
in particular, which regulate nicotine intake in rodents
(Picciotto et al, 1998), have been hypothesized to be involved
in ethanol consumption. However, varenicline treatment is
still able to decrease alcohol consumption in mice null for the
f2 nAChR subunit, suggesting that this receptor is not
modulating varenicline-induced decreases in ethanol con-
sumption (Kamens et al, 2010). Genetic and pharmaceutical
studies in mice suggest that nAChRs composed of a3$4 and/
or a5 are likely candidates for the modulation of alcohol
consumption (Chatterjee et al, 2011; Gallego et al, 2012).
However, it should also be noted that polymorphisms in
CHRNB3 and CHRNA6 (which encode the f3 and a6
nAChR subunits) seem to correlate with alcohol consump-
tion (Hoft et al, 2009) and nicotine dependence (Zhu et al,
2014). In addition, selective blockade of a6- or f3-containing
receptors decreases alcohol consumption in rats (Kuzmin
et al, 2009). Therefore, drugs that act on nAChRs might be
useful in alcohol-nicotine codependence because of their
potential effects on both alcohol consumption and with-
drawal symptoms.

In summary, the present study addressed the mechanisms
underlying the physical symptoms associated with ethanol
withdrawal and identified the contributions of nicotinic
cholinergic mechanisms within the MHb/IPN axis. The results
suggest that an antagonist selective for the nAChRs expressed
within the MHb/IPN axis might help in the acute phase of
abstinence from alcohol abuse. Further studies are needed to
determine whether nicotinic cholinergic mechanisms are
involved in the affective manifestations of alcohol withdrawal.
Those studies, together with the present results, will provide a
mechanistic framework for the use of nAChR antagonists for
the treatment of alcoholism and the prevention of relapse.
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