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BACKGROUND AND PURPOSE

Tobacco and alcohol are often co-abused producing interactive effects in the brain. Although nicotine enhances memory
while ethanol impairs it, variable cognitive changes have been reported from concomitant use. This study was designed to
determine how nicotine and alcohol interact at synaptic sites to modulate neuronal processes.

EXPERIMENTAL APPROACH

Acute effects of nicotine, ethanol, and both drugs on synaptic excitatory glutamatergic and inhibitory GABAergic transmission
were measured using whole-cell recording in hippocampal CA1 pyramidal neurons from brain slices of mice on control or
nicotine-containing diets.

KEY RESULTS

Acute nicotine (50 nM) enhanced both GABAergic and glutamatergic synaptic transmission; potentiated GABA, receptor
currents via activation of o7* and 04B2* nAChRs, and increased N-methyl-D-aspartate (NMDA) and o-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) receptor currents through a.7* receptors. While ethanol (80 mM) also increased
GABA, currents, it inhibited NMDA currents. Although ethanol had no effect on AMPA currents, it blocked nicotine-induced
increases in NMDA and AMPA currents. Following chronic nicotine treatment, acute nicotine or ethanol did not affect NMDA
currents, while the effects of GABAergic responses were not altered.

CONCLUSIONS AND IMPLICATIONS

Acute ethanol ingestion selectively attenuated nicotine enhancement of excitatory glutamatergic NMDA and AMPA receptor
function, suggesting an overall reduction in excitatory output from the hippocampus. It also indicated that ethanol could
decrease the beneficial effects of nicotine on memory performance. In addition, chronic nicotine treatment produced
tolerance to the effects of nicotine and cross-tolerance to the effects of ethanol on glutamatergic activity, leading to a
potential increase in the use of these drugs.

Abbreviations

aCSF, artificial cerebrospinal fluid; AMPA, o-amino-3-hydroxy-5-methylisoxazole-4-propionic acid; BMI, bicuculline
methiodide; CA1, CA1 hippocampal region; CGP 52432, 3[[(3,4-dichlorophenyl)methyllamino]propyl]
(diethoxymethyl) phosphinic acid; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt; D-APV, D-2-amino-5-
phosphonovaleric acid; DHBE, dihydro-beta-erythroidine; EPSCs, excitatory postsynaptic currents; GABA,, y-amino
butyric acid type A receptor; GABAg, y-amino butyric acid type B receptor; IPSCs, inhibitory postsynaptic currents;
mEPSC, miniature excitatory postsynaptic current; mIPSC, miniature inhibitory postsynaptic current; MLA,
methyllycaconitine; nAChR, nicotinic acetylcholine receptor; NMDA, N-methyl-D-aspartate; a4p2, o432 nicotinic ACh
receptor; o7, o7 nicotinic ACh receptor
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Introduction

Previous studies showed that acute ethanol consumption
causes cognitive deficits in humans (Koelega, 1995) and in
rats (Givens and McMahon, 1997). Nicotine, however, was
found to improve some forms of cognitive performance in
mammals (Stolerman et al., 1995). Also, when these two
drugs were used together, nicotine was usually found to ame-
liorate (Gould et al., 2001), but in some cases, to potentiate
(Rezvani and Levin, 2002) ethanol-induced deleterious effects
on cognitive performance. Acute alcohol consumption can
increase cigarette smoking in both alcohol-dependent and
non-alcohol-dependent subjects (Mitchell et al., 1995). Other
evidence also shows that nicotine can increase ethanol con-
sumption in rats (Clark et al., 2001; Lé et al., 2003) and in
mice (Marks et al., 1994). As a part of an extended amygdala
circuitry, the hippocampus plays an important role in
regulating motivated behaviours, including drug self-
administration (Risold and Swanson, 1996; Kelley, 2004), and
each of these two drugs has been shown to affect GABAergic
and glutamatergic transmission in the hippocampus (Harris
and Mihic, 2004; Dani and Harris, 2005). Therefore, func-
tional interactions between nicotine and ethanol in the hip-
pocampus could affect ethanol consumption and smoking in
humans.

Nicotine activates brain nicotinic acetylcholine receptors
(nAChRs), which are pentameric cation conductance chan-
nels composed of various combinations of o (0.2-a7) and
(B2-p4) subunits (Leonard and Bertrand, 2001; receptor
nomenclature follows Alexander et al., 2009). The two most
common nAChRs in the hippocampus are o7* and a4p2*
(Role and Berg, 1996), the asterisks denote possible inclusion
of other subunits (Lukas etal., 1999). These nAChRs are
found in high density on inhibitory hippocampal interneu-
rons (Freedman et al., 1993; Sudweeks and Yakel, 2000) and
astrocytes (Gahring et al., 2004). Nicotine enhances inhibi-
tory postsynaptic currents (IPSCs) through GABA, receptors
(Dani, 2001) and N-methyl-D-aspartate (NMDA) receptor
excitatory postsynaptic currents (EPSCs; Ge and Dani, 2005).
Ethanol is also known to enhance GABA, receptor IPSCs and
to inhibit glutamatergic NMDA receptor EPSCs (Harris and
Mihic, 2004; Proctor et al., 2006), suggesting these transmit-
ter systems are possible sites for acute and chronic functional
interaction between these two drugs. The acute interactions
between nicotine and ethanol have been demonstrated pre-
viously in cognitive (memory/learning) tasks (Rezvani and
Levin, 2002; Gulick and Gould, 2008; Robles and Sabria,
2008), but there is a lack of interactive effects on hypothermia
(Rezvani and Levin, 2002). Additional support that ethanol
and nicotine have common sites of action include reports
showing that chronic ethanol treatment resulted in the
development of tolerance to ethanol-induced hypothermia
and cross-tolerance to nicotine-induced hypothermia
(Collins etal.,, 1996) and fear conditioning (Gulick and
Gould, 2008; Lallemand et al., 2009). In the present study, we
examined the interactive effects of acute ethanol and nico-
tine, and also of chronic nicotine treatment on the modula-
tion of functional glutamatergic and GABAergic synaptic
activities by nAChRs, in hippocampal CA1l pyramidal
neurons of mice.
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Methods

Animals

All animal care and experimental procedures complied fully
with all NIH, VA and University of Colorado Denver IACUC
guidelines. Adult male (6-10 weeks old) C57BL/6 mice were
group-housed with a 12 h light-dark cycle with lights on at
0600. The animals had free access to water and standard
rodent chow, except during the nicotine liquid diet
(described below).

Chronic nicotine diet procedure

In some experiments, mice consumed control liquid diet
(Bio-Serv, Frenchtown, NJ, USA) or the same liquid diet con-
taining nicotine. The animals started with control liquid
diet for 3 days, which was followed by control liquid diet
(control group) or liquid diet containing 0.022 mM (for 2
days), 0.087 mM (3 days) and 0.15 mM (6 days) of nicotine.
The doses of nicotine used were those reported by Pekonen
et al. (1993) with specific modification to take into account
the amount of nicotine taken by liquid diet instead of nico-
tine in the drinking water. Fresh liquid diet was provided at
0700 and 1700 each day, at which times the night and day
consumption was measured for each animal. Body weight
changes were measured throughout the entire experiment
to monitor for nicotine taste aversion, which was not
found in this study. Brain slices were prepared 3 h following
the termination of the nicotine liquid diet, which was
replaced with control liquid diet. An average of 13.2 *
0.7 g«day' of the liquid diet (for either control or
nicotine-containing diet) was consumed throughout
the 14 day treatment. A group of mice was also tested for
blood, hippocampus and total brain nicotine levels using
LC-MS/MS (iC42 Laboratory, Aurora, CO, USA). At the
time of brain slice preparation, no measurable nicotine
remained in the blood, hippocampus or total brain tissue,
while cotinine (nicotine metabolite) levels were 8.27 =
1.24 ngmL™, 3.53 = 0.83ng-g’' and 2.19 = 0.53ng-g’
respectively.

Brain slice preparation and storage

Mice were killed by quick cervical dislocation and the brains
were rapidly removed and immersed in an ice-cold, sucrose-
containing modified artificial cerebrospinal fluid (aCSF) for
60s to chill the interior of the brain. The sucrose-
containing aCSF consisted of (in mM): 87 NaCl, 2.5 KCl, 7.0
MgCl,, 0.5 CaCl,, 1.2 NaH,PO,, 25 D-glucose, 25.9 NaHCO;
and 75 sucrose, and was continuously oxygenated with 95%
O, and 5% CO,. Coronal slices (300 um thick) were made
using a Leica vibratome (model VI-1000S, Heerbrugg, Swit-
zerland). The slices were temporarily submerged in the ice-
cold sucrose-containing aCSF until all slices were collected,
and then were transferred to individual compartments in a
submersion storage system (Proctor and Dunwiddie, 1999)
containing a standard aCSF buffer: (in mM) 126 NacCl, 3.0
KCl, 1.5 MgCl,, 2.4 CaCl,, 1.2 NaH,PO,, 11 D-glucose and
25.9 NaHCO;. The storage container was maintained at a
constant temperature of 32.5°C and was continuously
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gassed with 95% O, and 5% CO, providing an oxygenated
and pH 7.25 buffered environment. For electrophysiological
whole-cell recordings, individual slices were transferred to
a submersion recording chamber (Warner Instruments,
Hamden, CT, USA) also maintained at a constant tempera-
ture of 32.5°C and superfused with gassed aCSF at a flow
rate of 2 mL-min™.

Electrophysiological recording

Whole-cell recording microelectrodes were constructed from
borosilicate glass capillary tubing (1.5 mm o.d., 0.86 mm
i.d.; Sutter Instrument Co., Novato, CA, USA) and pulled
inside a heated platinum/iridium box filament with a model
P-87 micro-pipette puller (Sutter Instrument Co) to a tip size
of approximately 1.0-1.5 pm in diameter. These microelec-
trodes had electrical resistances of 6 to 9 MQ when filled
with a K'-gluconate internal solution containing (in mM):
130 K*-gluconate, 0.8 KCl, 0.1 CaCl,, 2.0 MgCl,, 1.0 EGTA,
10.0 HEPES, 2.0 Mg-ATP and 0.3 Na-GTP, adjusted to pH
7.25 and 290 mOsm. CA1 pyramidal neurons were recorded
in the whole—cell configuration. GABA, receptor-mediated
IPSC responses were evoked via an electrical pulse (200 ps,
4-8 V) with a bipolar tungsten stimulating electrode at 60 s
intervals. The stimulating electrode was positioned in the
stratum pyramidale within 300 um of the whole-cell record-
ing electrode. The cells were voltage-clamped to —-55 mV
(corrected for the liquid-junction potential) from the
control resting membrane potential (-71.3 = 0.65 mV;
mean * SEM) to enhance the recorded GABA, receptor
currents. Similar conditions were also used for recording
NMDA  receptor EPSCs and o-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) receptor EPSCs.
This stimulation-recording paradigm evoked synaptic
responses predominantly from proximal inputs (i.e. GABA,
receptor responses from interneuron axon terminals that
synapse on or near the soma of the recorded pyramidal cell,
and glutamatergic responses from proximal pyramidal cell
excitatory terminals). We have used this paradigm to
study the effects of ethanol in several rat and mouse
strains (Wu et al., 2005; Proctor et al., 2006). The recording
of miniature IPSCs (mIPSCs) or miniature EPSCs (mEPSCs)
was carried out using microelectrodes filled with K-
gluconate (for mEPSC recordings) or CsCl (for mIPSC deter-
minations; Sanna et al., 2004). The CsCl solution consisted
of (in mM): 140 CsCl, 2 MgCl,, 1 CaCl,, 10 EGTA, 10
HEPES, 2 Na-ATP, adjusted to pH 7.25 with CsOH and
290 mOsm.

Drugs and drug administration

All drugs were purchased from Sigma (St. Louis, MO,
USA) except as noted. The drugs were prepared as 100-
fold concentrates in 12 mL syringes (Monojet, polypropy-
lene; Sherwood-Davis & Geck, St. Louis, MO, USA) and
were added to the flowing aCSF superfusate (2 mL-min™)
via calibrated syringe pumps (Razel Scientific Instruments,
Stamford, CT, USA). Ethanol was diluted in deionized
water from a 95% stock solution and stored cold in a
sealed glass bottle before loading into a 12mL
syringe.

Measurement of NMDA and AMPA receptor
EPSCs, GABA, receptor IPSCs, mEPSCs
and mIPSCs

N-methyl-D-aspartate receptor EPSCs were pharmacologically
isolated by bath application of 6-cyano-7-nitroquinoxaline-
2,3-dione  disodium salt (CNQX, 20uM), 3[[(3,4-
dichlorophenyl) methyl]amino|] propyl] (diethoxymethyl)
phosphinic acid (CGP 52432) (0.5uM) and bicuculline
methiodide (BMI, 20 uM) to block AMPA receptor EPSCs,
GABA; and GABA, receptor IPSCs respectively. Similarly, iso-
lated AMPA receptor EPSCs were measured after superfusion
with D-2-amino-5-phosphonovaleric acid (D-APV, 50 uM) to
block NMDA receptor responses, BMI (20 uM) and CGP
52432 (0.5 uM). To measure GABA, IPSCs, CNQX, D-APV and
CGP 52432 were superfused to pharmacologically block the
other current responses. mIPSCs and mEPSCs were pharma-
cologically isolated as above for IPSCs and EPSCs, as well as
recorded in the presence of tetrodotoxin (0.5 uM) added to
the perfusate to block action potential-generated spontane-
ous events. pClamp 9.0 software (Molecular Devices, Silicon
Valley, CA, USA) was used to measure the mini events.
Clampfit (Molecular Devices) was used to initially identify
the events, and then each of these events was visually
inspected and obvious spurious events were rejected (less
than 5%) before further data analysis. Events were then aver-
aged for each period of control, drug and washout (for non-
nicotinic drugs) with Clampfit, and amplitudes, areas (charge
transfer) and statistics were determined. The mIPSCs were
completely blocked by bath application of the GABA, recep-
tor antagonist, BMI (20 uM). The mEPSCs were recorded in
the constant presence of picrotoxin (10 uM), a GABA receptor
antagonist, and were completely blocked by the bath appli-
cation of glutamate receptor antagonists, CNQX (20 uM) and
D-APV (50 uM).

Acute application of nicotine and ethanol
Nicotine and the nAChR antagonists, methyllycaconitine
(MLA), dihydro-B-erythroidine (DHBE) and mecamylamine
were prepared fresh daily in deionized water. When needed,
these drugs were added to the superfusate to provide final
recording chamber concentrations as follows: nicotine
(50 nM), MLA (10 nM), DHBE (10 uM) and mecamylamine
(10 uM). A 50 nM acute nicotine concentration was chosen
because: (i) this is the approximate blood-brain concentra-
tion in humans after smoking one or two cigarettes (Benow-
itz et al., 1989); (ii) desensitization of nAChRs occurs slowly
over several minutes at low nicotine concentrations (Marks
etal., 1994); and (iii) significant effects were observed on
functional neurotransmitter systems (Figure 1A). Due to the
effects of nicotine-induced long-lasting desensitization of
the nAChRs (Fenster et al., 1997), nicotine was always the
last drug to be added to the brain slices during multiple
drug experiments. To determine the effects of nicotine, the
synaptic responses were averaged over the peak nicotine
effect, usually between 1 and 5 min following the nicotine
application.

Results from our previous studies show that ethanol pro-
duces incremental neurotransmitter effects between 20 and
120 mM in both mice and rats (Proctor et al., 2004; 2006; Wu
et al., 2005). Therefore, except as noted, a final recording
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Nicotine enhances GABA, receptor inhibitory postsynaptic currents (IPSCs) via two nAChR subtypes. A. Bath perfusion of nicotine (50 nM)
produces an increase in evoked GABA, receptor IPSCs recorded from CA1 pyramidal neurons. B. Traces show the effects of nicotine and the
addition of nicotine antagonists on the GABA, receptor current responses. Scale: 50 pA, 100 ms. (Note: In these cells, the GABAg receptor was not
blocked with 3[[(3,4-dichlorophenyl)methyl]lamino]propyl](diethoxymethyl) phosphinic acid (CGP 52432) so that the late GABAg component can
be seen in some cell traces.) Nicotine enhanced responses of both GABAx and GABAg receptors. C. Bath superfusion of the nicotinic antagonists
[mecamylamine (mec, 10 uM), DHBE (10 uM) and MLA (10 nM)] did not significantly affect control synaptic GABA, IPSCs. The number of cells
(n) recorded for each condition: Con (18), mec (7), DHBE (6), MLA (5). D. The composite data show that the effects of nicotine on GABA4 IPSCs
are partially blocked by either DHBE (10 uM) or MLA (10 nM), and are completely blocked by mec or the combination of DHBE and MLA,
indicating the involvement of both a4p2* and o.7* nACh receptors. Number of recorded cells: Nic (7), Nic + mec (6), Nic + DHBE (6), Nic + MLA

(5), Nic + DHBE + MLA (5). *P < 0.05; **P < 0.01.

chamber concentration of 80 mM ethanol was used to
provide sufficiently robust effects (about 30% enhancement
of GABA, receptor IPSCs and 30% inhibition of NMDA
receptor EPSCs). Furthermore, this concentration (80 mM)
approximates the average blood and brain level
(360 mg-100 mL™) measured when mice regain their righting
reflex following an i.p. injection of a hypnotic/sedative dose
of ethanol (4.1 g-kg'; (Draski et al., 1992). This ethanol con-
centration was also shown to produce robust enhancement of
hippocampal GABA, IPSCs in Sprague-Dawley rats (Weiner
etal., 1997, Wu et al., 2005).

Statistics

Drug effects were quantified as the percent change in the
amplitude of GABA,, NMDA and AMPA receptor current
responses following drug application relative to the mean of
control and recovery values. Statistical analyses were carried
out using Student’s t-test or ANOVA with post hoc pairwise
comparisons (Holm-Sidak). The probability distributions for
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miniature responses were all analysed by the Kolmogorov-
Smirnov test (K-S-test), and the minimal significance level
was set at P < 0.0S.

Results

Acute nicotine increases GABAergic
neurotransmission via o7 * and o4p2*
nACHR subtypes

After blocking glutamatergic currents with CNQX (20 uM)
and D-APV (50 uM), and GABAj receptor currents with CGP
52432 (0.5 uM), electrical stimulation near the soma of CA1l
pyramidal neurons (proximal terminal activation; Wu et al.,
2005) produced synaptic GABA receptor-mediated responses
(GABA, IPSCs). Bath superfusion of nicotine (50 nM) pro-
duced robust increases in synaptic GABA, IPSCs in hippoc-
ampal CA1 pyramidal neurons (Figure 1A). This effect of
nicotine on synaptic GABA, IPSCs usually peaked within
3-5 min during nicotine application and decayed to baseline



Synaptic interactions between nicotine and alcohol

with a half-decay time of 4.9 = 0.28 min during nicotine
perfusion. Thus, acute nicotine application modulated
GABA, IPSCs by an activation that was followed by desensi-
tization or deactivation of nAChRs in the continuing pres-
ence of nicotine. To identify the nAChR subtypes that
mediated this nicotine effect, we used (i) a selective a7
nAChR antagonist, MLA (10 nM); (ii) a selective a4p2*
antagonist, DHBE (10 uM); or (iii) a non-selective antagonist,
mecamylamine (10 uM), to characterize the subtypes of
nAChR that may mediate this nicotine potentiation of
GABA, IPSCs (Figure 1B). When applied alone, these nAChR
antagonists each did not significantly alter the control GABA,
receptor IPSC responses [F(3,29) = 2.794, P > 0.058, one-way
ANOVA] (Figure 1C). Pretreatment with the antagonists for at
least 4 min was required to block the effects of 50 nM nico-
tine. Nicotine enhancement of GABA, IPSCs was partially
blocked [F(4,25) = 8.763, P < 0.001, one-way ANOVA] by either
MLA (P < 0.05) or DHBE (P < 0.05); but was completely
blocked by the co-application of MLA plus DHBE (P < 0.01), or
by mecamylamine (P < 0.001; Figure 1D). These results
suggest that the nicotine potentiation of the GABA, receptor
IPSC:s is likely to be mediated by activation of both a.7* and
04p32* nAChRs.

Acute ethanol attenuates nicotinic effects on
GABA, receptor IPSCs

Like nicotine, ethanol alone (80 mM) also enhanced GABA,
receptor IPSCs in C57BL/6 mice (Figure 2A). This result is
consistent with our previous data in Sprague-Dawley rats (Wu
et al., 2005) and inbred long-sleep mice (Proctor et al., 2006).
However, following pretreatment with ethanol, nicotine did
not provide a significantly greater increase of the ethanol
enhancement of GABA, IPSCs. One-way ANOVA analysis of
the data revealed that treatment with nicotine or ethanol
each produced significant enhancement of GABA, receptor
IPSCs [F(6,70) = 43.047, P < 0.001, one-way ANOVA]. The post
hoc Holm-Sidak pairwise analysis showed that separately,
nicotine (50 nM) enhanced GABA, IPSCs by 32.0 = 6.2%
(mean = SEM; n = 7; P < 0.01), and ethanol (80 mM)
enhanced GABA, IPSCs by 26.9 = 3.7% (n = 8; P < 0.01)
compared WITH control responses (Figure 2B). However, the
combined ethanol and nicotine application increased GABA,
IPSCs by 40.1 = 6.39% (n=7; P < 0.01), which differed from
that of ethanol alone (P < 0.01), but did not differ from that
of nicotine alone (P > 0.05). Pretreatment with mecamy-
lamine (10 pM), a non-selective nAChR antagonist, did not
affect the ethanol-enhanced GABA, IPSCs (P > 0.7), but it
effectively blocked the increases in GABA, responses by nico-
tine application (P < 0.01, Figure 2B). In the presence of
mecamylamine, acute ethanol followed by acute nicotine
treatment produced a GABA, IPSC enhancement that was
similar to ethanol alone, but significantly different to that of
nicotine alone (P < 0.01). The data show that there was a
larger, but not significant additive or synergistic effect of
nicotine and ethanol together on GABA, IPSCs. This finding
that acute ethanol application did not significantly further
enhance the nicotine potentiation of the GABA, IPSCs, may
indicate that GABA, receptor responses had reached their
maximum stimulation by either drug. To test whether a
ceiling effect for either drug had been achieved, we measured
the effects of 120 mM ethanol on synaptic GABA, IPSCs in a
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Figure 2

Ethanol modulates the effects of nicotine on GABA, receptor inhibi-
tory postsynaptic currents (IPSCs). A. The evoked and pharmacologi-
cally isolated GABA, receptor IPSCs show that ethanol (EtOH) and
nicotine (Nic) each enhances GABA, IPSCs, but they do not have a
significant additive or synergistic effect. B. The composite data show
that the enhancement effect of nicotine on GABA, IPSCs can be
completely blocked by pretreatment of the slices with mecamy-
lamine (mec; 10 uM), while the effect of ethanol on GABA4 IPSCs is
not affected by the presence of mecamylamine. Although individual
nicotine or ethanol application increases GABA, IPSCs to a similar
extent, the combined ethanol plus nicotine treatment does not
significantly increase GABAA IPSCs further than that produced by
each drug alone. Number of cell recorded: Con (30), EtOH (8), Nic
(7), EtOH + Nic (7), EtOH + mec (7), Nic + mec (7), EtOH + Nic + mec
(5). Scale bars in A: 10 pA, 25 ms; *P < 0.05; **P < 0.01.

subgroup of animals. As in previous studies (Weiner et al.,
1997; Proctor etal., 2006), 120 mM ethanol significantly
further increased the GABA, receptor response above the
80 mM concentration by an additional 22.2 = 3.3% (P < 0.05,
Student’s t-test). Thus, a ceiling effect for 80 mM ethanol is an
unlikely explanation for the lack of augmentation between
ethanol and nicotine during the co-application of these two
drugs.

Acute ethanol modulates nicotine-induced
GABA release

To determine whether GABAergic interneurons (the major
presynaptic inhibitory inputs onto pyramidal cells) are sites
for functional interactions between nicotine and ethanol, we
measured the effects of nicotine and/or ethanol on mIPSCs in

British Journal of Pharmacology (2011) 162 1351-1363 1355
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Nicotine and ethanol modulation of miniature inhibitory postsynaptic current (mIPSC) activity. The upper traces (A;) show raw control (Con) and
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disodium salt and D-2-amino-5-phosphonovaleric acid, and tetrodotoxin (0.5 uM) to block action potential induced spontaneous IPSCs. (A;)
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plus nicotine application on spontaneous mIPSCs, and (B,) the averaged waveforms for each condition. The summary data for nicotine and
ethanol effects on mIPSC amplitude (C) and frequency (D) are shown. These data indicate that ethanol selectively inhibits nicotine-enhanced
mIPSC frequency. Number of cells recorded in C and D: Con (10), EtOH (5), Nic (5), EtOH + Nic (5). Scale bars — in A; and B;: 15 pA, 1.0s; in

Az: 5 pA, 15 ms; B,: 10 pA, 10 ms. **P < 0.01; ***P < 0.001.

CAl pyramidal neurons. Ethanol application significantly
enhanced mIPSC amplitudes (P < 0.001) and frequency (P <
0.001), and nicotine also significantly increased mIPSC ampli-
tude (P < 0.001), as well as frequency (P < 0.001) as shown in
Figure 3. The combined ethanol and nicotine application also
resulted in significant increases of mIPSC amplitude (P <
0.001) and frequency (P < 0.001) when compared WITH
control baseline conditions. The potentiation of mIPSC ampli-
tudes by the combined ethanol and nicotine application was
different from that of nicotine alone (P < 0.01), but was not
different from that of ethanol alone (P > 0.05). Also, the
combined drugs potentiated mIPSC frequency compared
WITH nicotine (P < 0.001), but was not different from that of
ethanol application alone (P > 0.05). One-way ANOVA analysis
showed that both nicotine and ethanol had overall effects on
mIPSC amplitude [F(3,21) = 65.614, P < 0.001] and frequency
[F(3,21) = 224.104, P < 0.001]. These results suggest that
individual application of either ethanol or nicotine enhances
GABA release, and that ethanol blocks further increases in
GABA release by nicotine (Figure 3D). These data also suggest

1356 British Journal of Pharmacology (2011) 162 1351-1363

that both ethanol and nicotine have a postsynaptic effect due
to the increase in mIPSC amplitudes. At this time, these
measurements are difficult to reconcile with other reports
indicating that nAChRs are localized primarily on the presyn-
aptic (interneuronal) processes that synapse on CA1l hippoc-
ampal pyramidal cells in rodents.

Acute nicotine enhances glutamatergic
transmission via o7 * nAChRs

In the presence of the GABA receptor antagonists, electrical
stimulation of the proximal excitatory hippocampal inputs to
CA1 pyramidal cells evoked glutamatergic synaptic responses
consisting of both AMPA and NMDA receptor currents. The
pharmacologically isolated AMPA or NMDA receptor EPSCs
were enhanced by bath perfusion of nicotine (50 nM;
Figure 4A). This enhancement of AMPA and NMDA EPSCs in
the CA1 pyramidal neurons occurred within 3-4 min of bath
nicotine application, and returned to baseline levels during
the next 8 min for AMPA EPSCs and 5 min for NMDA EPSCs
with an average half-decay time of 4.7 * 0.25 and 2.4 *
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*P < 0.05.

0.42 min for AMPA and NMDA respectively (Figure 4A).
Because nicotine induced similar peak enhancement of
AMPA and NMDA receptor responses, we tested the effects of
nicotine and nAChR antagonists on the glutamate EPSCs (the
combined AMPA and NMDA receptor currents) (Figure 4B-
D). None of the nAChR antagonists tested (mecamylamine,
DHBE or MLA) significantly altered the control glutamate
receptor EPSCs [F(3,29) = 1.463, P > 0.245, one-way ANOVA]
(Figure 4C). Moreover, the nicotine potentiation of the
glutamate EPSC was not significantly attenuated (P > 0.05) by
10 uM DHBE, a concentration that was effective in blocking
0432 nAChR subtypes. To determine whether other subtypes
of af nAChRs were involved, we treated neurons with 50 uM
DHBE, a concentration that was shown to inhibit o nAChRs
(Harvey et al., 1996). This concentration of DHBE was also
ineffective in blocking the nicotine enhancement of
glutamate EPSCs (there was only 3.9 = 10.2% reduction) [t =
0.177; P> 0.868, Student’s t-test], which was not significantly
different from the nicotine potentiation of glutamate
responses. However, the nicotine potentiation of glutamate
receptor EPSCs was completely blocked by 10 nM MLA, a

selective o7 nAChR antagonist (P < 0.001), or by the non-
selective nAChR antagonist, mecamylamine (10 uM; P <
0.001; Figure 4D).

Acute ethanol blocks nicotinic effects on
AMPA and NMDA receptor-mediated EPSCs
Nicotine significantly increased AMPA receptor-mediated
EPSCs [F(4,27) = 17.468, P < 0.001; one-way ANOVA, Figure SA
and B|. Holm-Sidak pairwise analysis revealed that ethanol
alone had no significant effect on AMPA EPSCs, while nicotine
enhanced AMPA EPSCs by 26.4 + 3.5% (P < 0.01). However,
pretreatment with ethanol effectively blocked the nicotine
enhancement of AMPA EPSCs (P < 0.001; Figure 5B). This
increase in AMPA EPSCs by nicotine was also blocked by
mecamylamine (P < 0.001). These results show that while
ethanol alone did not affect the synaptic AMPA EPSCs directly,
ethanol blocked the nicotine enhancement of AMPA EPSCs.
Acute ethanol application decreased NMDA receptor
EPSC responses (Figure SC), while application of
nicotine increased this response, which was blocked by

British Journal of Pharmacology (2011) 162 1351-1363 1357



WR Proctor et al.
EtOH+Nic

L

V)

140 .
120
100 |

80

40

AMPA EPSC (% of control)
@D
<3

20

EtOH
+ Nic mec

Con EtOH Nic Nic +

Figure 5

Nic EtOH+Nic

)

140 o
120

7S] E—
80
60
40
20|

NMDA EPSC (% of control)

o

Con EtOH Nic EtOH EtOH Nic
+Nic mde  méc

Ethanol attenuates the effects of nicotine on a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and N-methyl-D-aspartate (NMDA)
receptor excitatory postsynaptic currents (EPSCs). A. Evoked response waveforms show that pharmacologically isolated AMPA receptor EPSCs are
increased by nicotine (Nic), whereas ethanol (EtOH) has no significant effect on these responses. However, the enhancement of nicotine on AMPA
EPSCs is prevented by ethanol pretreatment. B. The composite data show that the effects of nicotine on AMPA EPSCs are blocked by either ethanol
(80 mM) or by mecamylamine (mec; 10 uM). Number of cells recorded (n): Con (8), EtOH (7), Nic (6), EtOH + Nic (6), Nic + mec (5). C. Ethanol
depresses NMDA responses, while nicotine enhances this response. Pretreatment with ethanol essentially blocks the effects of subsequent nicotine
application. D. Summary data of ethanol and nicotine action on the NMDA EPSC responses. Note that the general nAChR antagonist,
mecamylamine, shows no alteration of the ethanol effect, but it blocks nicotine modulation. Cells recorded (n): Con (8), EtOH (7), Nic (6), EtOH
+ Nic (6), EtOH + mec (5), Nic + mec (4). Scale bars — A: 4 pA, 50 ms; C: 4 pA, 100 ms. *P < 0.05; **P < 0.01.

mecamylamine (Figure 5D). Pretreatment with ethanol
attenuated the effects of nicotine (Figure 5C and D). Analysis
of the data indicated that nicotine and ethanol produced
significant overall effects [F(5,70) = 67.061, P < 0.001, one-
way ANOVA], and that the post hoc pairwise comparisons
showed that ethanol produced a 31.7 = 4.4% (P < 0.01)
inhibition of NMDA EPSCs, and that this effect of ethanol
was not altered by mecamylamine treatment (P > 0.05;
Figure 5D). In contrast, nicotine produced a 30.4 = 3.4% (P <
0.01) increase in NMDA EPSCs, and this increase was
blocked by mecamylamine (P < 0.01) and by ethanol
(-20.3 = 6.7%, n = 7; P < 0.001). We then determined if
nicotine increased glutamate release, and whether the
modulatory effect of nicotine by ethanol was mediated by
blocking this release. To investigate the possible presynaptic
sites of interaction between ethanol and nicotine on
glutamatergic EPSCs, we measured mEPSCs before and
during nicotine and/or ethanol application (Figure 6A and B).
Nicotine significantly increased the amplitude [F(3,32) =
1667.556, P < 0.001, one-way ANOVA] and frequency
[F(3,32) = 739.329, P < 0.001, one-way ANOVA], and
ethanol blocked these nicotine enhancements (Figure 6C
and D).
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Chronic nicotine consumption attenuated
nicotine and ethanol effects on NMDA
receptor-mediated currents

Animals were maintained on control or nicotine-containing
liquid diet for 2 weeks. There were no differences in body
weight changes between the group on control liquid diet
(starting weight: 19.0 = 1.44 g; ending 20.0 = 0.73 g) and the
mice on the nicotine-containing liquid diet (starting weight
18.3 = 0.62 g; ending 20.0 = 0.89 g). Due to the unlimited
access to the liquid diet (88% was consumed during the dark
cycle), it is difficult to determine the actual nicotine levels in
the blood and brain of each animal. The average consump-
tion was 13.2 mL during the last 6 days of the 0.15 mM
nicotine concentration in the nicotine liquid diet (see
Methods section). Thus, each animal consumed approxi-
mately 320 ug of nicotine per day (average animal body
weight was 20 g). At the time of brain slice preparation at
0900, no detectable levels of nicotine were measured in
blood, hippocampus or total brain tissue. However, the rela-
tively rapid conversion of nicotine to cotinine (half-life of
9.2 min in C57BL/6 mice; Siu and Tyndale, 2007) resulted in
detectable levels of the more slowly metabolized cotinine
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(clearance half-life: 37.5 min) of 8.27 + 1.24 ng-mL™" in the
blood, and 3.53 *= 0.83 and 2.19 * 0.53 ng-g' in hippocam-
pal and total brain tissue, respectively, at the time of slice
preparation. To estimate the peak nicotine concentration for
this liquid diet paradigm, we back-calculated from these
average cotinine concentrations measured in plasma and
brain tissue. This rough estimation suggests that the tissue
nicotine concentration could have been as high as 22 uM,
providing that all the nicotine-containing diet was consumed
3 h into the dark phase (Rhodes et al., 2005). Because con-
sumption of the liquid diet likely occurred at various times
throughout the dark cycle, as well as more than 10% during
the light phase, we would predict a peak blood/tissue con-
centration closer to 1-10 uM. For comparison, this range is
about 3- to 10-fold higher than that found in humans after
smoking a single cigarette as reported in a recent study using
PET scanning and cigarettes containing ''C-nicotine ciga-
rettes (Rose et al., 2010).

Although there was no measurable amount of nicotine in
plasma or brain tissue at the time of brain slice recording,
acute ethanol (80 mM) application enhanced synaptic GABA,
receptor IPSCs by 30.7 = 5.4% and 43.1 + 8% from mice on
control diet and nicotine-containing diet respectively
(Figure 7A). The enhancing effect of nicotine (50 nM) appli-

cation on synaptic GABA, IPSCs, also was not significantly
altered from those in control animals (Figure 7A). Although
acute ethanol (80 mM) application inhibited synaptic NMDA
receptor EPSCs by 33.8 £ 5.6% in mice on the control diet,
this concentration of ethanol failed to inhibit NMDA EPSCs
from animals on the nicotine-containing diet (3.3 = 3.1%;
Figure 7B). When the effects of acute nicotine (50 nM) on
synaptic NMDA EPSCs were determined, the results showed
that while nicotine application produced a 28.2 * 2.1%
enhancement of NMDA EPSCs from the animals on the
control diet, nicotine failed to produce a significant enhance-
ment from the animals on the nicotine-containing diet (1.45
+ 4.3%; Figure 7B). Thus, this 2 week chronic nicotine liquid
diet treatment resulted in a differential ethanol effect on
GABA, and NMDA receptor synaptic activity.

Discussion and conclusions

The hippocampus receives rich intrinsic (interneurons) and
extrinsic (septal) cholinergic innervation, and lesions of the
extrinsic cholinergic pathways have been shown to impair
memory and learning (McKinney and Jacksonville, 2005),
suggesting the involvement of cholinergic transmission in
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these cognitive measures. In addition, septal cholinergic
innervation can regulate the function of a7* nAChRs in CA1
hippocampal interneurons (Thinschmidt et al., 2005), where
the majority of o-bungarotoxin binding occurs (Freedman
etal., 1993). In the hippocampal CAl neuronal circuit, the
activation of nAChRs triggers the release of GABA from inter-
neurons and glutamate from several excitatory terminal
sources (Wonnacott et al., 2002). Thus, nAChRs are important
modulators of GABAergic and glutamatergic synaptic trans-
mission in the hippocampus.

In rodent brain slices, brief application of nAChR ago-
nists directly onto hippocampal interneurons, but not onto
CA1 pyramidal neurons, produces inward current responses
(Frazier et al., 1998; Sudweeks and Yakel, 2000; Alkondon
and Albuquerque, 2004). This indicates that nAChRs may
be localized mainly on the presynaptic terminals of inter-
neurons that synapse on CA1 pyramidal neurons. Therefore,
the enhanced synaptic neurotransmission via GABA,,
NMDA and AMPA receptor-ion channel complexes on CA1l
neurons by nicotine is most likely due to increased release
of transmitters from inhibitory GABAergic interneurons
and excitatory glutamatergic terminals. This nicotine modu-
lation is further confirmed by experiments in which the
effects of nicotine and/or ethanol on mIPSCs or mEPSCs
are measured. Our results show that both nicotine and
ethanol enhance the release of GABA (Figure 3), but the
nicotine potentiation of the mIPSC frequency is partially
inhibited by co-application of ethanol, suggesting that
ethanol can attenuate the nicotine-induced increases in
GABA release. This is consistent with earlier reports showing
that ethanol (100 mM or higher concentrations) inhibited
the function of o7* and enhanced the activity of
0432* nAChRs (Covernton and Connolly, 1997; Narahashi
etal., 2001).
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Acute application of nicotine and ethanol
Nicotine rapidly activates and desensitizes nAChRs in a
concentration- and nAChR subtype-dependent manner
(Marks et al., 1994). Here, we used a 50 nM nicotine concen-
tration in the bath superfusion because: (i) this concentration
is within the range of nicotine levels found in the blood of
smokers 5-10 min following 1-2 cigarettes (Benowitz et al.,
1989); and (ii) studies have shown that in neurons exposed to
more than 100 nM nicotine, greater than 90% of their
nAChRs were desensitized within 10 min (Marks et al., 1994).
We delivered nicotine by bath superfusion because this mode
of agonist application more closely mimics the condition that
occurs in a smoker in which nicotine-rich blood delivers
nicotine to neurons in the brain.

We used an acute application of 80 mM ethanol concen-
tration throughout this study because, in rodent brain slices,
previous studies of ethanol inhibition of long-term potentia-
tion reported effective concentrations ranging between
50-100 mM (Sinclair and Lo, 1986; Schummers et al., 1997,
Wayner et al., 2004; Zhang et al., 2005; Tokuda et al., 2007),
although Blitzer et al. (1990) found effects at lower concen-
trations. In addition, Pyapali et al. (1999) showed that while
10-30 mM ethanol can block long-term potentiation in ado-
lescent rat brain slices, these concentrations of ethanol had
no effect on adult rat brain slices. The ethanol concentration
used in our study is consistent with most of the reports in the
literature. However, this is a high concentration of ethanol by
human standards and would be lethal for most individuals.

Subtypes of nAChRs involved in GABAergic
and glutamatergic transmission

In rodent hippocampus, 0482* and a7* subtypes of nAChRs
predominate (Jones et al., 1999; Sudweeks and Yakel, 2000).
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Nicotine modulates both inhibitory and excitatory synaptic
transmission (Dani, 2001). We found that nicotine enhance-
ment of GABA, receptor IPSCs was completely blocked by the
combination of MLA and DHE, but it was only partly attenu-
ated by each drug alone. These results suggest that nicotine
potentiation of GABA, IPSCs is mediated by both a7* and
04p2* nAChR subtypes. The effects of nicotine on glutamate
AMPA and NMDA receptor EPSCs was completely blocked by
MLA and not by 10 or 50 nM DHE, providing strong evi-
dence that glutamatergic transmission was mediated prima-
rily by 07* nAChRs. Furthermore, Le Magueresse et al. (2006)
showed that during early post-natal periods, o7* and B2*
nAChRs regulate GABAergic transmission, but only o7*
receptors modulate glutamatergic transmission in the hip-
pocampus. o7 nAChRs are low-affinity receptors therefore
one would anticipate that higher concentrations of nicotine
would further increase NMDA receptor EPSCs. Indeed, a
500 nM nicotine application was found to produce repetitive,
depolarizing currents (action potentials), which were not
reversed by ethanol or mecamylamine application (data not
shown). This result is consistent with behavioural data that a
high dose of nicotine can produce convulsions (Dobelis et al.,
2003).

Ethanol modulates the effects of nicotine on
glutamatergic synapses

Ethanol has been shown to inhibit NMDA receptor EPSCs,
but has very little effect on AMPA EPSCs (Allgaier, 2002;
current results). In the present study, ethanol (80 mM) inhib-
ited NMDA EPSCs by about 30%, while it had no effect on
AMPA EPSCs. These results are similar to what we observed in
other rodent hippocampal CA1 neurons (Proctor et al., 2006).
In contrast, nicotine significantly increased both NMDA and
AMPA receptor EPSCs, results that are consistent with nico-
tinic regulation of presynaptic glutamate release. Moreover,
these increases in EPSCs were completely blocked by MLA,
but not altered by 10 or 50 uM DHBE, suggesting that the
effect of nicotine on glutamatergic transmission is mediated
mainly by o7* nAChRs. As ethanol does not directly inhibit
AMPA EPSCs, and therefore is an ineffective inhibitor of
postsynaptic AMPA receptors, the ethanol blockade of the
nicotine potentiation of both NMDA and AMPA receptor
EPSCs is likely to be due to the inhibition of presynaptic o.7*
nAChRs. This mechanism of ethanol modulation of nicotinic
effects is further supported by the mEPSC studies, in which
ethanol was able to attenuate the effect of nicotine alone on
NMDA and AMPA mEPSCs. Ethanol inhibition of mEPSC
amplitude in this experiment seems to suggest that ethanol
has direct effects on the postsynaptic glutamate receptors.
This result may be consistent with the notion of a weak
inhibition of ethanol on presynaptic glutamatergic transmis-
sion (Proctor et al., 2006). However, ethanol could still block
nicotine potentiation of glutamate receptor EPSCs by antago-
nizing presynaptic o7 nAChRs. Taken together, the current
results suggest that ethanol inhibits the o.7* nAChR subtype,
which mediates the nicotine potentiation of the presynaptic
release of glutamate. Thus, the overall effect of nicotine on
enhancing CA1 excitatory glutamatergic transmission is sig-
nificantly attenuated by ethanol when these two drugs are
used together.

Cross-tolerance between nicotine and ethanol
Previous studies (Collins et al., 1993; de Fiebre and Collins,
1993) have shown that high ethanol-sensitive inbred long
sleep mice are also more sensitive to acute nicotine effects
than low ethanol-sensitive, short sleep mice on various
behavioural measures, including Y-maze crossing, rearing
activities, heart rate and body temperature. Following
chronic nicotine administration, the long sleep mice devel-
oped nicotine tolerance to three of these four nicotine-
induced behavioural measures, and cross-tolerance to
ethanol on all four of these measures, suggesting common
sites of action. Recently, Gulick and Gould (2008) showed
that following chronic nicotine treatment, tolerance to nico-
tine and cross-tolerance to ethanol occurred in fear condi-
tioned learning in C57BL/6 mice. In the current report, we
showed that following chronic treatment with dietary nico-
tine, these mice developed functional tolerance to the acute
effects of nicotine on synaptic NMDA receptor EPSCs and
functional cross-tolerance to the effects of ethanol on this
neurotransmitter system. However, neither tolerance to nico-
tine’s effects, nor cross-tolerance to ethanol’s effects on syn-
aptic GABA, receptor IPSCs occurred in this chronic 2 week
nicotine treatment paradigm.

Significance of nicotine and ethanol
interactions in the brain

This study provides evidence that o7* nAChRs modulate
functional glutamatergic neurotransmission, and that a7*
and 04p2* nAChRs mediate the enhancement of GABAergic
transmission in the hippocampal CA1 neuronal circuitry. As
ethanol inhibits the a7* nAChRs, it neutralizes the nicotine
potentiation of glutamatergic neurotransmission. In contrast,
ethanol potentiates the effects of nicotine on GABAergic
synaptic transmission. Such differences in the underlying
neuronal mechanisms are likely to modulate the pharmaco-
logical effects on individuals during concurrent use (Fertig,
2002; Rose et al., 2004). nAChRs are important in many clini-
cal psychiatric disorders such as schizophrenia (Freedman
et al., 1994; Leonard and Bertrand, 2001), anxiety (Picciotto
et al., 2002) and depression (Bertrand, 2005), as well as post-
traumatic stress disorder (Hapke et al., 2005). Thus, concur-
rent use or ‘self-medication’ of nicotine and ethanol could
alter the symptoms of these disorders, and may lead to an
increased drive for the use of both substances.
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