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Nicotine þ ethanol co-exposure results in additive and/or synergistic effects in the ventral tegmental
area (VTA) to nucleus accumbens (NAc) dopamine (DA) pathway, but the mechanisms supporting this are
unclear. We tested the hypothesis that nAChRs containing a6 subunits (a6* nAChRs) are involved in the
response to nicotine þ ethanol co-exposure. Exposing VTA slices from C57BL/6 WT animals to drinkingrelevant concentrations of ethanol causes a marked enhancement of a-amino-3-hydroxy-5-methylisoxazolepropionic acid (AMPA) receptor (AMPAR) function in VTA neurons. This effect was sensitive to
a-conotoxin MII (an a6b2* nAChR antagonist), suggesting that a6* nAChR function is required. In mice
expressing hypersensitive a6* nAChRs (a6L9S mice), we found that lower concentrations (relative to
C57BL/6 WT) of ethanol were sufﬁcient to enhance AMPAR function in VTA neurons. Exposure of live
C57BL/6 WT mice to ethanol also produced AMPAR functional enhancement in VTA neurons, and studies
in a6L9S mice strongly suggest a role for a6* nAChRs in this response. We then asked whether nicotine
and ethanol cooperate to enhance VTA AMPAR function. We identiﬁed low concentrations of nicotine and
ethanol that were capable of strongly enhancing VTA AMPAR function when co-applied to slices, but that
did not enhance AMPAR function when applied alone. This effect was sensitive to both varenicline (an
a4b2* and a6b2* nAChR partial agonist) and a-conotoxin MII. Finally, nicotine þ ethanol co-exposure also
enhanced AMPAR function in VTA neurons from a6L9S mice. Together, these data identify a6* nAChRs as
important players in the response to nicotine þ ethanol co-exposure in VTA neurons.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Co-abuse of nicotine and alcohol is exceedingly common (WHO,
2011); many alcoholics are also smokers, and a majority of smokers
drink large quantities of alcohol (Bobo, 1992; DiFranza and
Guerrera, 1990; Grant et al., 2004; Miller and Gold, 1998). The
prevalence of tobacco þ alcohol co-addiction suggests the existence of an interaction between nicotine and alcohol in the brain.
Drinking alcohol increases smoking behavior, craving to smoke,
and the subjective rewarding effects of smoking (Harrison et al.,
2009; King and Epstein, 2005; Mitchell et al., 1995; Rose et al.,
2004). The converse is also true; exposure to nicotine increases
alcohol consumption (Doyon et al., 2013). Although there is clearly
robust evidence for interactions between nicotine and alcohol,
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molecular and cellular mechanisms supporting this interaction are
not well understood.
Transitioning from the drug-naïve state to the addicted state
involves alterations in neuronal function, and altered glutamate
receptor activity plays an outsized role in this (Kauer and Malenka,
2007). VTA neurons express multiple types of glutamate-activated
cation channels, with AMPARs and N-methyl D-aspartate (NMDA)
receptors (NMDARs) being the most important of these. Druginduced behavioral changes, such as the acquisition of selfadministration, are driven by synaptic changes (Luscher and
Malenka, 2011) that support long-term potentiation (LTP) of
excitatory transmission at VTA neurons (Argilli et al., 2008;
Borgland et al., 2004; Dong et al., 2004). This LTP is caused, at
least in part, by increased expression and/or enhanced function of
surface AMPARs (Argilli et al., 2008; Borgland et al., 2004; Dong
et al., 2004; Luscher and Malenka, 2011; Saal et al., 2003; Ungless
et al., 2001). Enhanced AMPAR function in VTA neurons occurs 1)
when VTA slices from naïve animals are exposed to nicotine (Jin
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et al., 2011; Mao et al., 2011), and 2) following intraperitoneal (i.p.)
injections of nicotine into mice or rats (Gao et al., 2010; Saal et al.,
2003). Ethanol exposure also enhances VTA neuron AMPAR function (Stuber et al., 2008), suggesting that AMPAR function may be a
site where nicotine and ethanol converge to modulate reward
system function during nicotine þ ethanol co-exposure.
The VTA is comprised of groups of neurons producing DA,
gamma-aminobutyric acid (GABA), and/or glutamate (Creed et al.,
2014; Hnasko and Edwards, 2012; Hnasko et al., 2012; Sulzer
et al., 1998). VTA neurons express high levels of nicotinic acetylcholine receptors (nAChRs), which are pentameric ligand-gated
cation channels. These receptors are the molecular target of nicotine from tobacco products. nAChRs are either homomeric (containing ﬁve a7 subunits) or heteromeric (containing two a subunits,
two b subunits, and a ﬁfth accessory subunit that is either an a or a
b subunit). VTA neurons express two main, high-sensitivity
(Calabresi et al., 1989; Salminen et al., 2007, 2004) nAChR subtypes: nAChRs containing the a4 subunit and nAChRs containing
the a6 subunit. a4* (* denotes the potential presence of other
subunits besides the indicated subunit) nAChRs are expressed
widely throughout the brain, including expression in both DAergic
and GABAergic VTA neurons (Champtiaux et al., 2003; Marubio
et al., 2003; Nashmi et al., 2007; Ross et al., 2000). In contrast,
a6* nAChRs are restricted to only a few brain areas (le Novere et al.,
1999; Lena et al., 1999; Mackey et al., 2012; Whiteaker et al., 2000),
one being the midbrain DA system. Unlike a4* nAChRs, a6* nAChRs
are only expressed in DA neurons within the VTA and not in VTA
GABA neurons (Drenan et al., 2008; Mackey et al., 2012). a4*
(Tapper et al., 2004) and a6* (Pons et al., 2008) nAChRs are strongly
implicated in the rewarding and reinforcing properties of nicotine,
and emerging evidence points to a role for nAChRs containing both
a4 and a6 subunits (a4a6*) (Drenan et al., 2010; Engle et al., 2013;
Liu et al., 2012).
a4* and a6* nAChRs also play an important role in the response
to ethanol. a4 nAChR subunits are necessary for ethanol-induced
reward-like behavior in mice (Liu et al., 2013). Infusion of an a6
nAChR antagonist into the VTA reduced both voluntary ethanol
drinking (Larsson et al., 2004) and operant responding for ethanol
(Lof et al., 2007), supporting a role for a6* nAChRs in ethanol
reward. We recently corroborated this by showing that enhanced
a6* nAChR activity increases ethanol consumption and reward-like
behavior (Powers et al., 2013). In this study, we used electrophysiology, pharmacology, and genetically modiﬁed mice to further
explore the role of a6* nAChRs in the response to ethanol. Finally, in
the current study, we tested the hypothesis that a6* nAChRs are
important for the response to nicotine þ ethanol co-exposure.
2. Materials and methods
2.1. Materials
Unless speciﬁed otherwise, all chemicals were purchased from SigmaeAldrich.
Tocris Biosciences was the source of tetrodotoxin. a-Conotoxin MII (aCtxMII) was
synthesized as in previously published methods (Azam et al., 2010).
2.2. Mice and in vivo drug administration
All experiments with animals were conducted in accordance with the guidelines
for the care and use of animals provided by the National Institutes of Health Ofﬁce of
Laboratory Animal Welfare. All protocols were approved by the Purdue University
Institutional Animal Care and Use Committee. All efforts were made to minimize
animal suffering, to reduce the number of animals used, and to utilize alternatives to
in vivo techniques when available. Mice were housed at 22  C and kept on a standard
12 h light/dark cycle. Food and water was available ad libitum. Mice were weaned
and group housed with same sex littermates on postnatal day 21. Tail biopsies were
collected 21e28 days after birth and used to determine the genotype of the mice via
PCR analysis as previously described (Drenan et al., 2008). Male and female a6L9S
mice and their non-transgenic (non-Tg) littermates were 8e16 weeks old at the time
experiments were conducted. No differences were noted between results obtained
from male versus female mice, so results were pooled.

a6L9S mice were generated as previously described (Drenan et al., 2008). A
Leu90 to Ser mutation was introduced into the a6 nAChR subunit gene, Chrna6,
located in a mouse bacterial artiﬁcial chromosome (BAC). This mutant BAC DNA was
injected into FVB/N embryos and embryos were implanted into pseudopregnant
Swiss-Webster surrogates. The insertion site within the mouse genome is unknown.
Because founder animals were back-crossed to C57BL/6 mice for more than 12
generations it is expected that over 90% of the a6L9S mouse genome is C57BL/6.
However, FVB/N allelic DNA near the insertion site is probable. The L9S mutation
renders a6* nAChRs hypersensitive to ligands such as nicotine and acetylcholine. a6*
nAChRs in these mice are 10- to 100-fold more sensitive than non-a6* nAChRs,
depending on the assay being used (Cohen et al., 2012; Drenan et al., 2010, 2008).
Previous studies conﬁrm that a6* nAChRs in a6L9S mice are expressed in the expected brain regions (and not in unexpected regions) and at the expected levels
(Drenan et al., 2010, 2008).
Prior to receiving intraperitoneal (i.p.) injections, mice were gently handled once
a day for three days to habituate them to handling. The next day, mice were scruffed
and given a mock injection. One day prior to the experiment, mice were scruffed and
given a saline injection (i.p.). On the experimental day, mice were given an i.p.
ethanol (or vehicle) injection. Ethanol was diluted in 0.9% saline and administered at
a dose of either 0.5 or 2.0 g/kg. One hour after the injection mice were killed for brain
slice preparation.
2.3. Brain slice preparation
Brain slices were prepared as previously described (Engle et al., 2012). Brieﬂy,
mice were anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and transcardially perfused with oxygenated (95% O2/5% CO2), 4  C N-methyl-D-glucamine
(NMDG)-based recovery solution (in mM: 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30
NaHCO3, 20 HEPES, 25 glucose, 5 Naþ ascorbate, 2 thiourea, 3 Naþ pyruvate, 10
MgSO4$7H2O, and 0.5 CaCl2$2H2O; 300e310 mOsm; pH 7.3e7.4). Brains were
dissected and immediately placed in oxygenated 4  C NMDG recovery solution for
1 min before cutting 200 mm coronal brain slices with a vibrating microslicer. Slices
were transferred to oxygenated 33  C NMDG recovery solution for 12 min before
being held until recording at room temperature in HEPES holding solution (in mM:
92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 Naþ ascorbate, 2
thiourea, 3 Naþ pyruvate, 2 MgSO4$7H2O, and 2 CaCl2$2H2O; 300e310 mOsm; pH
7.3e7.4).
2.4. Patch clamp electrophysiology
Patch clamp electrophysiology was carried out as previously described (Engle
et al., 2012). A brain slice containing the VTA was placed in a recording chamber.
Oxygenated artiﬁcial cerebrospinal ﬂuid recording solution (in mM: 124 NaCl, 2.5
KCl, 1.2 NaH2PO4, 24 NaHCO3, 12.5 glucose, 2 MgSO4$7H2O, and 2 CaCl2$2H2O;
300e310 mOsm; pH 7.3e7.4) containing tetrodotoxin (0.5 mM) and picrotoxin
(75 mM) was heated to 32  C and continuously superfused over the slice at
1.5e2.0 ml/min. VTA DA neurons were found at coordinates of
approximately 3.5 mm from bregma, 4.0e4.5 mm ventral to the surface, and
0.5e1.0 mm from the midline. Up to 96% of neurons in this area are expected to be
DA neurons (tyrosine hydroxylase immunoreactive) (Lammel et al., 2008). Cells
were visualized with a Nikon FN-1 upright microscope using infrared or visible
differential interference contrast (DIC) optics. A programmable microelectrode
puller was used to make patch electrodes from borosilicate glass capillary tubes. The
tip resistance of patch electrodes used was between 4.5 and 8.0 MU when ﬁlled with
internal pipette solution (in mM: 117 CsCH3SO3, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEACl, 2.5 MgATP, 0.1 spermine, and 0.25 MgGTP; pH adjusted to 7.25 with Tris base;
osmolarity adjusted to 290 mOsm with sucrose). An Axopatch 200B ampliﬁer, a 16bit Digidata 1440A A/D converter, and pCLAMP 10.3 software were used to acquire
whole-cell recordings. Data were sampled at 5 kHz and low-pass ﬁltered at 1 kHz.
The junction potential between the patch pipette and the bath solution was nulled
immediately prior to the formation of a gigaseal. Series resistance was
uncompensated.
To examine AMPAR function, AMPA was locally applied to cells using a Picospritzer III as previously described (Engle et al., 2012, 2013). Brieﬂy, a micropipette was
ﬁlled with AMPA and mounted onto a single-dimension piezoelectric translator
attached to a micromanipulator. AMPA was applied to the cells using a 250-ms
pressure (12 psi) ejection triggered by protocols run in pClamp10. The protocol was
programmed to move the AMPA-ﬁlled pipette to a pre-determined location
(approximately 20e40 mm from the cell being recorded), trigger the pressure ejection,
and retract the pipette to a distance 100 mm from the cell. This setup is preferred
over manual control of the drug pipette because it results in enhanced reproducibility
and reduced receptor desensitization (Engle et al., 2012). The drug-ﬁlled pipette was
initially placed ~40 mm from the recorded cell and cell movement was monitored
during drug exposure. If there was not sufﬁcient cell movement, indicating the cell
was not fully exposed to the drug, the drug pipette was moved closer to the cell and
the recording repeated. The rise time of the AMPA-evoked current is another indication of an acceptable drug application. Slow rise times correlate with insufﬁcient
cell movement and indicate the AMPA-ﬁlled pipette was not close enough to the
recorded cell. Data are also unacceptable when a stable seal was not maintained
because the AMPA-ﬁlled pipette was too close to the recorded cell.
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AMPA to NMDA ratio recordings were carried out as previously described
(Etherton et al., 2011; Mao et al., 2011), but with minor modiﬁcations. Coronal slices
were used (as for AMPA-evoked currents), neurons were chosen as described above,
and whole-cell recordings were established using the following internal solution:
(in mM) 117 CsCH3SO3, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA-Cl, 2.5 MgATP, and 0.25
MgGTP; pH adjusted to 7.25 with Tris base; osmolarity adjusted to 290 mOsm with
sucrose. A concentric bipolar stimulating electrode (FHC cat. #CBAPC75) was placed
100e200 mm lateral to the recorded cell, typically in/around the medial lemniscus in
the ipsilateral hemisphere. Synaptic responses were stimulated (250e750 mA,
40 msec, 0.1 Hz) such that evoked EPSCs were ~50% of maximum amplitude. First, the
cell was held at a command voltage of 70 mV, and an EPSC was evoked. Because
there is little to no current through NMDA receptors at a membrane potential
of 70 mV (due to Mg2þ block), the response at 70 mV e and therefore the time to
peak e is likely to be completely mediated by AMPARs. Five sweeps were recorded
at 70 mV, and the average time-to-peak was noted and subsequently used to
measure AMPAR-mediated EPSCs at þ40 mV. Next, cells were depolarized to a
command voltage of þ40 mV and membrane current was allowed to stabilize for
several minutes prior to evoking EPSCs. EPSCs were again evoked, and 5 sweeps
were averaged. The amplitude of the AMPA-mediated component at þ40 mV was
estimated to be the membrane current value at the time corresponding to when the
evoked EPSCs peaked when the command voltage was 70 mV. The NMDA
component was derived by averaging the membrane current value during a 10 msec
window that began 40 msec after the time of the peak AMPAR response. Because
AMPA components of evoked EPSCs decay to baseline well before 40 msec, this
window accurately isolates the NMDA-mediated component of the evoked EPSC.
AMPA components at þ40 mV and NMDA components at þ40 mV were used to
derive an AMPA/NMDA ratio for each cell. This method was shown to yield results
congruent with those obtained using 2-amino-5-phosphonopentanoic acid (AP-5)
to pharmacologically isolate NMDA and AMPA components of the evoked EPSC in
recordings of nicotine-evoked plasticity from VTA DA neurons. In a subset of cells,
we veriﬁed our measured AMPA/NMDA ratios by using AP-5 to pharmacologically
isolate NMDA and AMPA components (data not shown). For all recordings in VTA,
one or two slices per animal were used, and data were obtained from between one
and six cells per slice.
2.5. Statistical analyses
Concentrationeresponse data are presented at mean ± SEM. All other data plots
are presented as box/whisker plots, with the middle line denoting the median, boxes
enclosing the middle quartiles, and whiskers extending from minimum to
maximum for each data set. For electrophysiology trace data, multiple traces were
averaged and a mean current trace was generated and is shown (black lines). To
convey variability in electrophysiology data, SEM was calculated for mean current
traces and is expressed as a gray area ﬁll above and below the average current trace.
One-way analysis of variance (ANOVA) was used to compare more than two data
sets, and a student's t-test was used to compare only two data sets. For data analyzed
with ANOVA, a Dunnett post-hoc test was used. Differences were considered statistically signiﬁcant at p < 0.05.

3. Results

a6* nAChRs are crucial for the rewarding properties of ethanol in
rodents (Larsson et al., 2004; Lof et al., 2007; Powers et al., 2013).
Systemic ethanol exposure is known to enhance AMPAR function on
VTA DA neurons (Saal et al., 2003; Stuber et al., 2008), but a6* nAChR
involvement in this process has not yet been studied. We began by
testing the hypothesis that exposing slices to drinking-relevant
concentrations of ethanol can increase AMPAR function on VTA
DA neurons. VTA-containing brain slices were prepared from adult,
drug-naïve mice, and slices were allowed to recover for 60 min.
Slices were then incubated in ethanol or a control recording solution
without ethanol for 60 min. After a washout period of 60 min
(Fig. 1A), stable whole-cell recordings were established in VTA DA
neurons. A second, AMPA-ﬁlled, micropipette was programmed to
move adjacent to the recorded cell, pressure-eject (puff) AMPA
(100 mM), and be retracted (Engle et al., 2013). As previously
described, the amplitude of AMPA-evoked currents at a holding
potential of 60 mV was measured to assess AMPAR function (Engle
et al., 2013). We found that incubating slices from non-Tg mice in
ethanol (20 mM) for 60 min signiﬁcantly increased AMPAR function
in VTA DA neurons over baseline responses from control slices not
exposed to ethanol (control ¼ 187.3 ± 16 pA, 20 mM
ethanol ¼ 319.6 ± 43 pA; ANOVA, p ¼ 0.0034; post hoc test,
p < 0.01) (Fig. 1B, D and E). To examine the role of a6* nAChRs, slices
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were pre-treated with aCtxMII (100 nM) for 10 min prior to ethanol
incubation. Pretreatment with aCtxMII blocked ethanol-evoked
increases
in
AMPAR
function
in
VTA
DA
neurons
(aCtxMII ¼ 216.7 ± 44 pA) (Fig. 1B and E), suggesting an important
role for ongoing a6* nAChR activity in this process. aCtxMII by itself
had no effect on AMPA-evoked currents (182.6 ± 29 pA) (Fig. 1E).
In a similar fashion, slices were pre-treated in tetrodotoxin (TTX) for
10 min prior to ethanol incubation to examine whether action potential ﬁring during ethanol exposure is required to evoke an increase in AMPAR function. We found that TTX does not block
ethanol-evoked increases in AMPAR function in VTA DA neurons
(TTX ¼ 342.3 ± 44 pA; p < 0.05) (Fig. 1E). To corroborate data
suggesting that a6* nAChRs play a role in ethanol-mediated
enhancement of AMPAR function, we studied changes in AMPAR
function in slices from a6L9S mice. Because these mice have
enhanced a6* nAChR activity (Drenan et al., 2008), we hypothesized
that a lower concentration of ethanol would be able to evoke increases in AMPAR function compared to non-Tg mice if a6* nAChRs
are playing a role in this process. Baseline AMPAR function is not
altered in a6L9S mice. 5 mM ethanol was insufﬁcient to alter AMPAR
function in non-Tg slices (171.0 ± 24 pA), but robustly enhanced
AMPAR function in a6L9S slices (control ¼ 180.1 ± 22 pA, 5 mM
ethanol ¼ 416.1 ± 49 pA; ANOVA, p < 0.0001; post hoc test,
p < 0.0001) (Fig. 1C, D and F). This enhanced response was also
blocked by pretreatment with aCtxMII (223.0 ± 26 pA) (Fig. 1C and
F), whereas aCtxMII alone had no effect (192.3 ± 10 pA) (Fig. 1F). As
in non-Tg mice, TTX blockade of action potential ﬁring had no effect
on ethanol's ability to enhance AMPAR function in a6L9S mice
(TTX ¼ 365.9 ± 56 pA; p < 0.01) (Fig. 1F).
Enhanced a6* nAChR activity lowered the concentration of
ethanol that is sufﬁcient to enhance AMPAR function using a slice
incubation procedure (Fig. 1C, D and F). To determine whether the
same trend occurred after in vivo exposure to ethanol, mice were
administered intraperitoneal (i.p.) injections of ethanol. 60 min
after this injection, mice were sacriﬁced and VTA brain slices were
prepared. To minimize the possible effect of handling-induced
stress, mice were handled once a day for three days, given a
mock injection, and given a saline injection on the day immediately prior to the experiment (Fig. 2A). As in the previous experiment, AMPA was puff-applied onto a VTA DA neuron while
recording inward currents evoked at a holding potential
of 60 mV. Relative to a vehicle (saline) injection, ethanol (2.0 g/
kg) signiﬁcantly increased AMPAR function in VTA DA neurons
in non-Tg slices (vehicle: 206.5 ± 24 pA, 2.0 g/kg
ethanol: 365.2 ± 34 pA; ANOVA, p ¼ 0.0004, post hoc test,
p < 0.001) (Fig. 2B and D). A dose of 0.5 g/kg ethanol was insufﬁcient to enhance AMPAR function in VTA DA neurons in non-Tg
mice (221.4 ± 17 pA) but did enhance AMPAR function in a6L9S
mice (vehicle: 197.5 ± 23 pA, 0.5 g/kg ethanol: 395.1 ± 46 pA;
unpaired t test, p ¼ 0.0072) (Fig. 2BeD). Together, these slice incubation and in vivo exposure experiments strongly indicate a
role for a6* nAChRs in ethanol-mediated enhancement of AMPAR
function in VTA.
Exposure of naïve brain slices to nicotine also enhances
AMPAR function in VTA DA neurons (Engle et al., 2013; Jin et al.,
2011; Mao et al., 2011). Although we previously demonstrated a
role for a6* nAChRs in this process (Engle et al., 2013), we did not
identify the nicotine concentration range over which this effect
takes place. To examine the action of a combined incubation with
nicotine and ethanol (Figs. 5 and 6), we ﬁrst identiﬁed nicotine
concentrations that were sufﬁcient and insufﬁcient to enhance
AMPA-evoked currents on VTA DA neurons. Brain slices cut from
drug-naïve mice were incubated in nicotine for 60 min and after
a 60 min wash-out period, AMPAR function was measured
(Fig. 3A). In non-Tg brain slices, 100 nM nicotine was insufﬁcient
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Fig. 1. a6* nAChRs are involved in ethanol-mediated increases in AMPAR function in VTA DA neurons. (A) Schematic illustrating ethanol exposure after cutting brain slices containing the VTA. After a 60 min recovery period, brain slices were incubated in a control holding solution or an ethanol-containing holding solution for 60 min. Slices were
transferred out of ethanol for a 60 min washout period before initiating whole-cell recordings from VTA DA neurons. An additional group of brain slices were incubated in an
inhibitor (inh), either 100 nM aCtxMII or 0.5 mM TTX, for 10 min before starting the 60 min ethanol incubation. (B and C) Average (black trace) AMPA-evoked current traces from
VTA DA neurons in (B) non-Tg and (C) a6L9S brain slices incubated in control recording solution or ethanol. Gray area ﬁll indicates SEM for the average current trace. AMPA (100 mM)
was puff-applied while holding VTA DA neurons at 60 mV. Scale for (B): 125 pA, 5 s. Scale for (C): 150 pA, 5s. (D) Summary of AMPA-evoked responses (mean ± SEM) from VTA DA
neurons at a holding potential of 60 mV in a6L9S mice and their non-Tg littermates. Dotted line indicates average amplitude of baseline AMPA-evoked responses. (E and F)
Summary of AMPA-evoked current amplitudes in VTA DA neurons in (E) non-Tg and (F) a6L9S brain slices. Data are shown as follows: gray boxes enclose the inner (25%e75%)
quartiles with the middle line indicating the median, and whiskers indicate the maximum and minimum of the data sets. *P < 0.05; **P < 0.01; ****P < 0.0001 (one-way ANOVA,
Dunnett post-hoc test comparing drug concentration to no-drug control).

to increase AMPAR function, but 500 nM nicotine was sufﬁcient
(control ¼ 187.3 ± 16 pA, 100 nM nicotine ¼ 166.0 ± 14,
500 nM nicotine ¼ 283.4 ± 36 pA; ANOVA, p ¼ 0.0288; post hoc
test, p < 0.05) (Fig. 3B). In a6L9S brain slices, nicotine concentrations as low as 10 nM are sufﬁcient to increase AMPAR function (control ¼ 180.1 ± 22 pA, 10 nM nicotine ¼ 320.1 ± 41 pA;
ANOVA, p ¼ 0.0012; post hoc test, p < 0.05) (Fig. 3B). The highest
concentration of nicotine tested that was insufﬁcient to enhance
AMPAR function in a6L9S slices is 3 nM (234.2 ± 36 pA)
(Fig. 3B).
Our AMPA-evoked current approach measures AMPAR function
from the total pool of surface-expressed AMPARs, including synaptic and extrasynaptic receptors. Because AMPARs are preferentially localized to synapses, we measured ethanol- and nicotineelicited changes AMPA/NMDA ratios in VTA DA neurons using the
same conditions we used for AMPA-evoked currents (Fig. 4A).
AMPA to NMDA ratios were measured as described by McGehee
and colleagues ((Mao et al., 2011); see Materials and methods). As

with AMPA-evoked currents, AMPA/NMDA ratios were signiﬁcantly
enhanced in non-Tg slices following exposure to either 20 mM
ethanol or 500 nM nicotine (control ¼ 2.47 ± 0.2, 20 mM
ethanol ¼ 3.90 ± 0.1, 500 nM nicotine ¼ 3.41 ± 0.4 pA; ANOVA,
p ¼ 0.0007) (Fig. 4C). Lower concentrations of ethanol (5 mM) or
nicotine (100 nM) did not increase AMPA/NMDA ratios (Fig. 4C),
just as they did not increase AMPA-evoked current responses
(Figs. 1D and 3B). Next, we measured AMPA/NMDA ratios in VTA DA
neurons from a6L9S slices incubated with either 5 mM ethanol or
100 nM nicotine e concentrations sufﬁcient to enhance AMPAevoked currents in these slices. Incubating a6L9S slices for
60 min in either 5 mM ethanol or 100 nM nicotine was indeed
sufﬁcient to increase AMPA/NMDA ratios (control ¼ 2.30 ± 0.2,
5 mM ethanol ¼ 4.13 ± 0.3, 100 nM nicotine ¼ 3.35 ± 0.2; ANOVA,
p ¼ 0.0013) (Fig. 4D). These results, together with our AMPAevoked current data, suggest that a6* nAChR activity plays an
important role mediating enhanced synaptic plasticity following
nicotine and ethanol exposure.

S.E. Engle et al. / Neuropharmacology 91 (2015) 13e22

17

Fig. 3. AMPAR function is enhanced by nicotine exposure in non-Tg and a6L9S mice.
(A) Schematic illustrating slice treatment procedure. Brain slices containing the VTA
were prepared from non-Tg and a6L9S mice and, after a 60 min recovery period,
incubated in control holding solution or nicotine-containing holding solution for
60 min. Whole-cell patch clamp recordings were established in VTA DA neurons
60 min after slices were removed from nicotine. (B) Summary of AMPA-evoked
current responses from VTA DA neurons at a holding potential of 60 mV in non-Tg
and a6L9S brain slices incubated in nicotine. The mean ± SEM is plotted while the
dotted line represents average amplitude of baseline AMPA-evoked responses.
*P < 0.05; ***P < 0.001 (one-way ANOVA, Dunnett post-hoc test comparing drug
concentration to no-drug control).

Fig. 2. a6* nAChRs mediate enhanced AMPAR function after in vivo ethanol administration. (A) Schematic of experimental procedure. Prior to ethanol injection, mice were
habituated to handling by being handled once a day for three days, given a mock injection, and given a saline injection. Mice were given an ethanol or control saline injection 60 min prior to cutting brain slices containing the VTA. (B and C) Average (black
trace) AMPA-evoked current traces from VTA DA neurons in (B) non-Tg and (C) a6L9S
brain slices cut 60 min after a mouse was given a control injection or an ethanol (0.5 g/
kg or 2.0 g/kg) injection. Gray area ﬁll indicates SEM for the average current trace.
AMPA (100 mM) was puff-applied while holding VTA DA neurons at 60 mV. Scale:
100 pA, 5 s. (D) Summary of AMPA-evoked current responses from VTA DA neurons at
a holding potential of 60 mV in brain slices from non-Tg and a6L9S mice. The
mean ± SEM is plotted while the dotted line indicates amplitude of baseline AMPAevoked responses. ***P < 0.001 (one-way ANOVA, Dunnett post-hoc test comparing

Because both nicotine (Fig. 3) and ethanol (Fig. 1) act through a6*
nAChRs to enhance AMPAR function in VTA DA neurons, we hypothesized that a6* nAChRs may also play a role in the combined
action of nicotine þ ethanol. To test this hypothesis, we incubated
brain slices in control recording solution containing both nicotine
and ethanol for 60 min and recorded AMPA-evoked currents after a
60 min washout period (Fig. 5A). Whereas 100 nM nicotine or 5 mM
ethanol were insufﬁcient to increase AMPAR function in non-Tg VTA
DA neurons when incubated alone, simultaneous co-exposure to
these concentrations enhanced AMPAR function (100 nM
nicotine ¼ 166.0 ± 14 pA, 5 mM ethanol ¼ 171.0 ± 24 pA, 100 nM
nicotine þ 5 mM ethanol ¼ 374.3 ± 69 pA; ANOVA, p ¼ 0.0080)
(Fig. 5B and C). To determine whether a6* nAChRs play a role in this
response, slices were pre-incubated in aCtxMII (100 nM) for 10 min
before adding nicotine and ethanol. aCtxMII blocked the combined
action of nicotine þ ethanol (254.8 ± 39 pA) (Fig. 5C). Varenicline, a
partial agonist at a4b2* and a6b2* nAChRs (Grady et al., 2010), is
currently used as a smoking cessation drug. To determine whether
varenicline
interferes
with
the
combined
action
of
nicotine þ ethanol, slices were pre-incubated in varenicline for
10 min followed by continuous co-incubation of slices in varenicline
(1 mM), nicotine (100 nM), and ethanol (5 mM). Like aCtxMII, varenicline blocked increases in AMPAR function mediated by
nicotine þ ethanol co-exposure (227.8 ± 41 pA) (Fig. 5C). Varenicline by itself had no effect on AMPAR function in non-Tg cells
(204.3 ± 25 pA) (Fig. 5C).

drug concentration to no-drug control); ##P < 0.01 (student's t-test comparing control
from 0.5 g/kg in a6L9S mice).
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Fig. 4. Nicotine and ethanol exposure enhance excitatory synaptic transmission in non-Tg and a6L9S slices. (A) Schematic illustrating drug (nicotine or ethanol) exposure after
cutting brain slices containing the VTA. After a 60 min recovery period, brain slices were incubated in a control holding solution or a solution containing nicotine or ethanol
(concentrations indicated in (C) and (D) for 60 min. Slices were transferred out of ethanol for a 60 min washout period before initiating whole-cell recordings from VTA DA
neurons. (B) Exemplary synaptic current evoked in a VTA DA neuron, showing AMPAR- and NMDAR-mediated components. AMPA EPSCs were measured at a command voltage
of þ40 mV (red trace) at the time corresponding to the peak of the AMPA EPSC elicited at a command voltage of 70 mV (blue trace). NMDA EPSCs were measured at þ40 mV by
averaging the membrane current during a 10 msec window 40 msec after the AMPA EPSC peak (the latter had decayed to baseline by this time, resulting in a current due completely
to NMDARs). Scale: 40 pA, 10 msec. (C and D) AMPA/NMDA ratios in non-Tg (C) and a6L9S (D) VTA DA neurons after exposure of slices to a control solution or to a solution
containing the indicated drug. Data are shown as follows: gray boxes enclose the inner (25%e75%) quartiles with the middle line indicating the median, and whiskers indicate the
maximum and minimum of the data sets. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way ANOVA, Dunnett post-hoc test). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

To further test the idea that a6* nAChRs play a role in AMPAR
enhancement following nicotine þ ethanol co-exposure, we performed an analogous set of experiments with a6L9S VTA slices
(Fig. 6A). We previously determined that 3 nM nicotine (Fig. 3B)
and 200 mM ethanol (Fig. 1D) were each insufﬁcient to enhance
AMPAR function in a6L9S slices when administered alone. However, when co-administered to a6L9S slices, 3 nM nicotine and
200 mM ethanol enhanced AMPAR function (200 mM
ethanol ¼ 217.8 ± 49 pA, 3 nM nicotine ¼ 234.2 ± 36 pA, 200 mM
ethanol þ 3 nM nicotine ¼ 442.1 ± 72 pA; ANOVA, p ¼ 0.0065)
(Fig. 6B and C). As with non-Tg slices, pre-treatment with either
aCtxMII or varenicline blocked the enhancement in AMPAR function seen following nicotine þ ethanol co-exposure
(MII: 248.0 ± 25 pA, varenicline: 252.0 ± 35 pA) (Fig. 6C). As
in non-Tg slices, varenicline alone did not alter AMPAR function in
a6L9S slices (246.5 ± 28 pA) (Fig. 6C).
4. Discussion
In this paper, we used converging pharmacological and genetic
approaches to study the action of nAChRs in drug-mediated
enhancement of AMPAR function and synaptic plasticity in VTA
DA neurons. Our results indicate that a6* nAChR activity is important in ethanol-mediated enhancement of AMPAR function, and
in vivo drug exposure experiments corroborated data acquired using
in vitro methods. a6* nAChRs are also critical for the ability of
combined, subthreshold nicotine þ ethanol concentrations to
enhance AMPAR function. Finally, we show that varenicline, an FDAapproved smoking cessation compound, is capable of disrupting the
activity of nicotine þ ethanol co-exposure at VTA DA neurons.

4.1. Ethanol-mediated enhancement of AMPAR function:
mechanisms
Ungless and colleagues demonstrated that a single cocaine
exposure produced enhanced AMPAR function on the surface of
VTA DA neurons (Ungless et al., 2001). This was later appreciated to
be a generalized effect of exposure to drugs of abuse, as a single
exposure to nicotine, ethanol, or other drugs produced the same
effect (Saal et al., 2003). Voluntary drug exposure also enhances
AMPAR function (Stuber et al., 2008), and enhanced glutamate receptor function plays a critical role in controlling the persistence of
subsequent drug taking (Cannady et al., 2013; Engblom et al., 2008).
a6* nAChR activity plays a key role in ethanol consumption, as
blockade of these receptors in VTA with aCtxMII attenuated
ethanol-stimulated locomotion, DA release, and conditioned
responding (Larsson et al., 2004; Lof et al., 2007). Together with
Chester and colleagues, we recently demonstrated that a6L9S mice
show increased sensitivity to ethanol in conditioned place preference experiments and 2-bottle choice drinking assays, further
supporting a role for a6* nAChRs in ethanol's action in the VTA
(Powers et al., 2013). We also demonstrated that selective activation of a6* nAChRs by nicotine 1) enhances AMPAR function in VTA
neurons (Engle et al., 2013), and 2) can condition a place preference
to nicotine (Drenan et al., 2012). Thus, our data in this report
showing that a6* nAChR activity plays an important role in
enhanced glutamatergic transmission in VTA is consistent with
previous ﬁndings.
Ethanol may act directly on nAChRs on the surface of VTA
neurons to produce enhanced AMPAR activity, but this activity is
not likely to be analogous to a classical orthosteric agonist. Similar
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Fig. 5. Subthreshold nicotine and subthreshold ethanol, when combined, enhance VTA
AMPAR function in non-Tg slices. (A) Schematic of slice treatment procedure. 60 min
after preparing brain slices containing the VTA from non-Tg mice, slices were incubated in holding solution containing both nicotine (100 nM) and ethanol (5 mM) for
60 min. AMPA-evoked currents were elicited and recorded after a 60 min wash-out
period. In some experiments, slices were pre-incubated in either aCtxMII (100 nM) or
varenicline (1 mM) for 10 min before adding nicotine þ ethanol for 60 min. Varenicline
(1 mM, 70 min) alone was also tested, as shown in (C). (B) Average (black trace) AMPAevoked currents from non-Tg VTA DA neurons. Gray area ﬁll indicates SEM for the
average current trace. Slices were treated for 60 min with nicotine/ethanol in one of
the following ways: 1) 5 mM EtOH only, 2) 100 nM nicotine only, 3) 5 mM EtOH plus
100 nM nicotine. AMPA (100 mM) was puff-applied while holding VTA DA neurons
at 60 mV. Scale: 100 pA, 3 s. (C) Summary of AMPA-evoked current amplitudes in
VTA DA neurons in non-Tg brain slices. Data are shown as follows: gray boxes enclose
the inner (25%e75%) quartiles with the middle line indicating the median, and
whiskers indicate the maximum and minimum of the data sets. *P < 0.05; **P < 0.01;
(one-way ANOVA, Dunnett post-hoc test comparing the 5 mM EtOH group or the
100 nM nicotine group to the EtOH plus nicotine group).

to ethanol's ability to potentiate GABAA receptor activity (Mehta
and Ticku, 1988), evidence points more toward ethanol-mediated
potentiation of nAChR activity. Ethanol enhanced ACh-elicited inward currents for several nAChR subtypes expressed in Xenopus
oocytes, including a4b2 nAChRs (Cardoso et al., 1999). Single
channel recordings from cells expressing cloned a4b2 nAChRs indicates that ethanol enhances ACh-induced currents by stabilizing
the open state of the receptor (Zuo et al., 2004). ACh, presumably
released from mesopontine axon terminals, is present in VTA slices
and contributes to baseline a6* nAChR activity in VTA DA neurons
(Drenan et al., 2008). Our demonstration that a a6* nAChR antagonist blocks ethanol-mediated enhancement of AMPAR function
(Fig. 1) suggests that endogenous ACh and ethanol combine at a6*
nAChRs to produce sufﬁcient nAChR activity to initiate signaling
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Fig. 6. Subthreshold nicotine and subthreshold ethanol, when combined, enhance VTA
AMPAR function in a6L9S slices. (A) Schematic of slice treatment procedure. 60 min
after preparing brain slices containing the VTA from a6L9S mice, slices were incubated
in holding solution containing both nicotine (3 nM) and ethanol (200 mM) for 60 min.
AMPA-evoked currents were elicited and recorded after a 60 min wash-out period. In
some experiments, slices were pre-incubated in either aCtxMII (100 nM) or varenicline
(1 mM) for 10 min before adding nicotine þ ethanol for 60 min. Varenicline (1 mM,
70 min) alone was also tested, as shown in (C). (B) Average (black trace) AMPA-evoked
currents from a6L9S VTA DA neurons. Gray area ﬁll indicates SEM for the average
current trace. Slices were treated for 60 min with nicotine/ethanol in one of the
following ways: 1) 200 mM EtOH only, 2) 3 nM nicotine only, 3) 200 mM EtOH plus
3 nM nicotine. AMPA (100 mM) was puff-applied while holding VTA DA neurons
at 60 mV. Scale: 100 pA, 3 s. (C) Summary of AMPA-evoked current amplitudes in
VTA DA neurons in a6L9S brain slices. Data are shown as follows: gray boxes enclose
the inner (25%e75%) quartiles with the middle line indicating the median, and
whiskers indicate the maximum and minimum of the data sets. **P < 0.01; (one-way
ANOVA, Dunnett post-hoc test comparing the 200 mM EtOH group or the 3 nM nicotine
group to the EtOH plus nicotine group).

events ultimately resulting in AMPAR functional enhancement. Our
previous reports (Drenan et al., 2010; Engle et al., 2013), and one
from the laboratory of Tapper and colleagues (Liu et al., 2012),
suggest that a4 nAChR subunits are incorporated into a6* nAChRs
that mediate these effects. Thus, most VTA a6* nAChRs contain a4
and b2 subunits and could thus be subject to ethanol's nAChRpotentiating properties.
Ethanol is known to alter DA neuron activity and accumbal DA
release via indirect, activity-dependent mechanisms. For example,
ethanol increases ACh release in VTA (Larsson et al., 2005), and
ACh-induced ﬁring in VTA DA neurons can be potentiated by
ethanol (Liu et al., 2013). Ethanol may also contribute to reward by
reducing GABAergic inhibition to VTA DA neurons (Di Chiara et al.,
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1996; Spanagel et al., 1992). Although it is possible that ethanol and
nAChR activation collaborate to enhance AMPAR function via either
of these mechanisms, our data showing that neuronal activity is not
required to enhance AMPAR function after ethanol exposure (Fig. 1E
and F) more strongly support a direct mechanism of action on DA
neurons. Indeed, ACh that is released in VTA slices and which
contributes to baseline a6* nAChR activity is insensitive to TTX
(Drenan et al., 2008). Recently, Berg and colleagues reported a
novel, cell-autonomous mechanism by which nicotine elicits
enhanced AMPAR trafﬁcking to the surface of hippocampal neurons
(Halff et al., 2014). Our data showing that AMPAR function is
enhanced even in the presence of TTX (Fig. 1) suggest that a similar
cell-autonomous, a6-mediated effect could also occur in VTA DA
neurons.
4.2. The combined activity of nicotine and ethanol in enhancement
of AMPAR function

varenicline substitutes for nicotine in activating nAChRs, and 2)
varenicline competes with and blunts the full action of nicotine in
activating nAChRs (Rollema et al., 2007). Our results suggest that
varenicline, similar to aCtxMII, may interfere with the ability of
nicotine and/or ethanol to enhance AMPAR function in VTA neurons. This is consistent with varenicline's action in preclinical and
clinical studies. For example, varenicline reduces ethanol intake in
mice (Hendrickson et al., 2010) and rats (Steensland et al., 2007).
Varenicline also reduces alcohol consumption in heavy drinking
smokers (Fucito et al., 2011; McKee et al., 2009; Mitchell et al.,
2012). Together, this suggests that persons taking varenicline may
be afforded some protection from the addictive properties of subthreshold concentrations of nicotine þ alcohol. Varenicline, or
other compounds with partial agonist properties at a4* and/or a6*
nAChRs but a better side-effect proﬁle, could be useful in attenuating nicotine/alcohol co-addiction.
4.3. Conclusions

Our data demonstrating that subthreshold concentrations of
nicotine and ethanol can combine to enhance AMPAR function on
the surface of VTA DA neurons is consistent with previous reports
utilizing simultaneous nicotine þ ethanol co-exposure. In brain
slice experiments examining drug-stimulated action potential
ﬁring in VTA DA neurons, subthreshold concentrations of nicotine
were able to synergize with ethanol to enhance ﬁring rate (Clark
and Little, 2004). Similarly, intra-VTA infusion of subthreshold
nicotine combined with intraperitoneal injection of subthreshold
ethanol resulted in enhanced accumbal DA release relative to
nicotine alone or ethanol alone (Tizabi et al., 2002). In behavioral
experiments, nicotine þ ethanol co-exposure produced greater
stimulation of locomotor activity compared to activity produced by
nicotine alone or ethanol alone (Schaefer and Michael, 1992).
Our demonstration that 100 nM nicotine plus 5 mM ethanol
combine to enhance VTA AMPAR function is relevant to human
consumption of these drugs. A blood alcohol concentration of
approximately 25 mg/dL (or 5 mM) is achievable with one drink
and would not be expected to produce behavioral changes in
humans other than mild euphoria and/or slight social disinhibition.
A nicotine plasma level of 100 nM is easily achievable by one
cigarette in a person naïve to nicotine (Henningﬁeld, 1995). In a
daily smoker, this level of nicotine in plasma would be attainable by
afternoon or evening simply due to accumulation of the drug from
cigarettes smoked throughout the day (DHHS, 1988). These properties of nicotine and ethanol, taken together with our data suggest
that, in humans, one drink plus one cigarette may be sufﬁcient to
produce plastic changes in VTA DA neurons that are relevant to the
addiction process.
Genetic evidence points to a prominent role for a6-containing
nAChRs in alcohol consumption as well as nicotine addiction
(Hoft et al., 2009a, 2009b). Our data suggest that a6-containing
nAChRs play a central role in the response to subthreshold, coapplied concentrations of nicotine and ethanol. In experiments
involving DA release from striatal synaptosomes, aCtxMII-sensitive
(a6-dependent) nAChRs are the most sensitive to nicotine
(Salminen et al., 2007), supporting the notion that they are capable
of responding meaningfully to subthreshold nicotine when ethanol
is present to enhance receptor activity. In further support of the
idea that a6-containing nAChRs confer the ability to respond to
very low concentrations of nicotine, a6KO mice have reduced
ability to self-administer low (10 ng) concentrations of nicotine
(Exley et al., 2011).
Varenicline is a partial agonist with similar efﬁcacy and potency
at both aCtxMII-sensitive (a6-containing) and aCtxMII-resistant
(non-a6) nAChRs (Grady et al., 2010). Varenicline is thought to
promote abstinence from smoking via a dual mechanism: 1)

This paper provides new details on the mechanistic underpinnings of nicotine þ ethanol co-addiction. Nicotine and
ethanol cooperate and/or synergize to enhance excitatory transmission in the mesolimbic dopamine pathway, the brain's key
reward circuit. nAChRs containing a6 subunits are important
players in this response, and varenicline or other nAChR partial
agonists may prove useful for attenuating the combined action of
nicotine þ ethanol.
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