1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Neuroscience. 2015 January 22; 284: 854-864. doi:10.1016/j.neuroscience.2014.10.052.

Greater Ethanol Inhibition of Presynaptic Dopamine Release in
C57BL/6J than DBA/2J Mice: Role of Nicotinic Acetylcholine
Receptors

Jordan T. Yorgasonl3, Jamie H. Rosel3, J. Michael McIntosh?, Mark J. Ferris!, and Sara R.
Jones?

1Department of Physiology and Pharmacology, Wake Forest School of Medicine, Medical Center
Boulevard, Winston Salem, NC 27157

2George E. Wahlen Veterans Affairs Medical Center and Departments of Psychiatry and Biology,
University of Utah, Salt Lake City, UT 84108

Abstract

The mesolimbic dopamine system, originating in the ventral tegmental area (VTA) and projecting
to the nucleus accumbens (NAc), has been heavily implicated in the reinforcing effects of ethanol.
Recent slice voltammetry studies have shown that ethanol inhibits dopamine release selectively
during highfrequency activity that elicits phasic dopamine release shown to be important for
learning and reinforcement. Presently, we examined ethanol inhibition of electrically evoked NAc
dopamine in two mouse strains with divergent dopamine responses to ethanol, C57BL/6 (C57) and
DBA/2J (DBA) mice. Previous electrophysiology and microdialysis studies have demonstrated
greater ethanol induced VTA dopaminergic firing and NAc dopamine elevations in DBA
compared to C57 mice. Additionally, DBA mice have greater ethanol responses in dopamine-
related behaviors, including hyperlocomotion and conditioned place preference. Currently, we
demonstrate greater sensitivity of ethanol inhibition of NAc dopamine signaling in C57 compared
to DBA mice. The reduced sensitivity to ethanol inhibition in DBA mice may contribute to the
overall greater ethanol-induced dopamine signaling and related behaviors observed in this strain.
NAc cholinergic activity is known to potently modulate terminal dopamine release. Additionally,
ethanol is known to interact with multiple aspects of nicotinic acetylcholine receptor activity.
Therefore, we examined ethanol-mediated inhibition of dopamine release at two ethanol
concentrations (80 and 160mM) during bath application of the non-selective nicotinic receptor
antagonist mecamylamine, as well as compounds selective for the f2- (DhBE) and a6- (a-
conotoxin M1l [H9A; L15A]) subunit-containing receptors. Mecamylamine and DhBE decreased
dopamine release and reduced ethanol's inhibitory effects on dopamine in both DBA and C57
mice. Further, a-conotoxin also reduced the dopamine release and the dopamine-inhibiting effects
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of ethanol at the 80mM, but not 160mM, concentration. These data suggest that ethanol is acting
in part through nicotinic acetylcholine receptors, or downstream effectors, to reduce dopamine
release during high-frequency activity.
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Ethanol vulnerability; phasic dopamine; voltammetry; C57BL/6 DBA/2 mice; nucleus accumbens;
mecamylamine

1. Introduction

The mesolimbic dopamine system, which sends projections from the ventral tegmental area
(VTA) to limbic structures such as the nucleus accumbens (NAc), has been implicated in the
rewarding and reinforcing properties of ethanol and other drugs of abuse (for review see
Sulzer, 2011). Electrophysiological and electrochemical studies have shown that acute
ethanol increases VTA dopamine cell firing rates and dopamine release in the NAc (Brodie
and Appel, 1998; Imperato and Di Chiara, 1986; Mereu and Gessa, 1984). Additionally,
behavioral studies have shown that pharmacological or genetic manipulations which
diminish dopamine activity also inhibit ethanol consumption, ethanol preference (EI-Ghundi
et al., 1998; Ikemoto et al., 1997; Phillips et al., 1998), conditioned place preference for
ethanol (Cunningham et al., 2000; Risinger et al., 2001; Young et al., 2013), and the
acquisition of ethanol self-administration (Risinger et al., 2000).

Although it is clear that dopamine activity in the NAc is involved in ethanol reinforcement,
its exact contribution has been difficult to resolve due to the opposing effects of low vs.
high-dose ethanol on dopamine neurotransmission. For example, microdialysis studies have
found that intraperitoneal (1.P.) administration of low to moderate doses (1-2.5 g/kg) of
ethanol results in increases in NAc dopamine levels (Ericson et al., 1998; Weiss et al., 1993;
Blomqvist et al., 1993; Imperato and Di Chiara, 1986; Yoshimoto et al., 1992). These
ethanol-induced increases in dopamine levels reach their peak at doses around 1 g/kg.
However, at higher doses (2-5 g/kg 1.P.), dopamine responses are reduced or reversed to
decreases (Blanchard et al., 1993; Imperato and Di Chiara, 1986). Voltammetry studies have
also illustrated the dose-dependent, biphasic effects of ethanol. For instance, excitatory
effects of ethanol have been identified using voltammetry in freely-moving rats, where non-
contingent ethanol administration (0.125-2.0 g/kg I.P.) increased the frequency of naturally
occurring spontaneous dopamine release events (Cheer et al., 2007; Robinson et al., 2009).
Furthermore, in anesthetized rats and mice, very low doses of ethanol (0.1 g/kg) increase the
amplitude of electrically evoked NAc dopamine release (Pelkonen et al., 2010; Yavich and
Tiihonen, 2000). However, ethanol has been shown to inhibit electrically evoked dopamine
at low to high doses (0.5-5 g/kg) in vivo (Budygin et al., 2001a; Jones et al., 2006; Pelkonen
et al., 2010; Yavich and Tiihonen, 2000) and at supraphysiological concentrations in brain
slices from mice and rats (100-200 mM; Budygin et al., 2001b; Mathews et al., 2006).
Together, these studies suggest that ethanol can have both excitatory and inhibitory effects
on dopaminergic activity and NAc dopamine levels, depending on the dose / concentration
of ethanol used in the study.
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Not only are the biphasic effects of ethanol on dopamine release dose-dependent, but we
have recently shown that the inhibitory effect of ethanol on dopamine release is dependent
upon the frequency of stimulation (Yorgason et al., 2014). High and low frequency
stimulations are often used to model two distinct modes of firing that occur in VTA
dopamine neurons and which have differential effects on dopamine release at terminals.
Tonic, low frequency firing of VTA dopamine neurons occurs in a pacemaker fashion at 1—
10 Hz (Grace and Bunney, 1984; Hyland et al., 2002; Overton and Clark, 1997; Panin et al.,
2012). In the presence of salient stimuli, such as rewards or reward-predicting cues,
dopamine neurons shift to a phasic firing mode with bursts of action potentials occurring at
14-22 Hz (Grace and Bunney, 1984; Hyland et al., 2002; Overton and Clark, 1997; Panin et
al., 2012). We have recently shown that that dopamine release is particularly sensitive to the
inhibitory effects of ethanol under high frequency stimulation parameters in the NAc
(YYorgason et al., 2014).

C57BL/6J (C57) and DBA/2J (DBA) mice are two mouse strains that have been identified
for their divergent dopamine and related behavioral responses to ethanol. Although C57 and
DBA mice have similar baseline VTA dopamine firing rates (Brodie and Appel, 2000;
McDaid et al., 2008) and NAc dopamine levels (Kapasova and Szumlinski, 2008), they
show very different sensitivities to ethanol’s behavioral and neurochemical effects. While
DBA mice do not consume ethanol as readily as C57s, possibly due to taste aversion in
DBAs (Blizard, 2007; Grahame and Cunningham, 1997; McCool and Chappell, 2012), they
exhibit greater ethanol sensitivity in dopamine related behaviors such as conditioned place
preference (CPP), hyperlocomotion, and locomotor sensitization (Cunningham and Noble,
1992; Gremel et al., 2006; Melon and Boehm, 2011; Phillips et al., 1994; Rose et al., 2013).
Additionally, DBA mice are more sensitive to ethanol’s excitatory effects on VTA
dopamine firing activity (Brodie and Appel, 2000) and elevations in NAc dopamine levels
(Kapasova and Szumlinski, 2008; but see Zapata et al., 2006). These previous
electrophysiological and neurochemical studies suggest that DBA mice are more susceptible
to the dopamine-increasing effects of ethanol. Since phasic dopamine release is important
for ethanol reinforcement learning, and DBA mice are more susceptible to the reinforcing
effects of ethanol, we hypothesized that DBA mice may be less sensitive to ethanol’s
inhibitory effects on dopamine release in response to high frequency stimulations.
Therefore, we examined ethanol inhibition of dopamine release in these strains across a
range of stimulation frequencies.

In addition to ethanol’s effects on dopamine in C57 and DBA mice, we were also interested
in potential mechanisms that explain the differences in these strains. Nicotinic acetylcholine
receptors (NAChRs) located on dopamine nerve terminals are known to be powerful
modulators of dopamine release (Zhang and Sulzer, 2004; Rice and Cragg, 2004).
Additionally, ethanol has been shown to interact with nAChRs to produce changes in
dopamine levels (for review see Hendrickson et al., 2013). Because the inhibitory effects of
ethanol and nAChR-modulation of dopamine release are both frequency-dependent, we
examined nAChR involvement in the dopamine-decreasing effects of ethanol. C57 and DBA
mice express a number of differences in cholinergic systems, including enzymatic activity
and nAChR sensitivity to ethanol (lacopino et al., 1986; Bultt et al., 2003; Symons et al.,
2010). Therefore, in an attempt to investigate potential mechanisms of ethanol’s effects on
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dopamine release in the two mouse strains, we investigated whether nAChR blockade would
reduce ethanol-mediated inhibition of dopamine release under high frequency conditions.
Specifically, we examined the effects of ethanol in the presence of the non-selective nAChR
antagonist mecamylamine, the more selective f2-nAChR antagonist DhBE, and the a6-
nAChR antagonist a-conotoxin MII [H9A; L15A].

2. Material and Methods

2.1. Animals

Male C57BL/6J and DBA/2J mice (Jackson Labs; aged 7-9 weeks) were given ad libitum
access to food and water, and maintained on a reverse 12:12-h light/dark cycle (lights on at
15:00 h). All protocols and animal care procedures were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the
Wake Forest School of Medicine Institutional Animal Care and Use Committee. All efforts
were made to minimize animal suffering and the number of animals used in the present
study.

2.2. Brain Slice Preparation

Isoflurane (Patterson Veterinary, Devens, MA) anesthetized mice were sacrificed by
decapitation and brains were rapidly removed and transferred into ice-cold, pre-oxygenated
(95% 02/5% CO2) artificial cerebral spinal fluid (aCSF) consisting of (in mM): NaCl (126),
KCI (2.5), NaH,POy4 (1.2), CaCl, (2.4), MgCl; (1.2), NaHCOg3 (25), glucose (11), L-
ascorbic acid (0.4), pH adjusted to 7.4. Tissue was sectioned into 400 um-thick coronal
slices containing the striatum with a vibrating tissue slicer (Leica VT1000S, Vashaw
Scientific, Norcross, GA). Brain slices were placed in a submersion recording chamber, and
perfused at 1 ml/min at 32 °C with oxygenated aCSF.

2.3. Fast Scan Cyclic Voltammetry

Fast scan cyclic voltammetry (voltammetry) recordings of dopamine signals were performed
and analyzed as previously described, using in-house software (Demon Voltammetry and
Analysis; Yorgason et al., 2011). The carbon fiber electrode (7 pm x ~150 pm) potential was
linearly scanned as a triangular waveform from —0.4 to 1.2 V and back to —0.4 V (Ag vs
Ag/Cl) at a scan rate of 400 V/s. Cyclic voltammograms were recorded at the carbon fiber
electrode every 100 msec by means of a potentiostat (Dagan Corporation, Minneapolis,
MN). Dopamine release was evoked every 3-5 min through a bipolar stimulating electrode
(Plastics One, Roanoke, VA) placed 100-200 um from the carbon-fiber electrode in the NAc
core, as previously described (Yorgason et al., 2013). Dopamine release was determined
from voltammetry collections, where dopamine oxidation (occurring at ~0.6 V) produces a
faradaic current proportional to the amount of dopamine present at the electrode. Current vs
time signals were then transformed into pM dopamine concentrations using post-experiment
calibration factors, and peak values were used for baseline comparisons. For input/output
experiments examining baseline dopamine signals across increasing current stimulations,
single pulse baseline dopamine signals were collected (4 ms, 350 pA) until signals were
stable across 3 collections, at which point stimulation intensity was decreased to 10 pA, and
subsequently increased across a range of intensities (10-500 pA). For baseline frequency
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response curves, single pulse release was measured until stabilized, at which point
stimulated release was measured across multiple frequencies (5, 10, 20, 25, 100 Hz) at 5
pulses. For ethanol frequency response curve experiments, stabilized baseline signals were
obtained under high frequency stimulation conditions (20 Hz, 10 Pulses, 350 pA), and tested
at 1 pulse, and across a range of frequencies (10, 20, 40, 60 Hz) at 10 pulses before and after
80 mM ethanol application. For additional experiments examining concentration dependent
ethanol effects across strains, stimulations were at 20 Hz 10 pulses (350 pA), and ethanol
concentrations were increased (20-160 mM). Experiments examining nAChR interactions
with ethanol inhibition were performed with high frequency stimulations at 20 Hz 10 pulses
(300 pA) with 80 mM and 160 mM concentrations of ethanol. Mecamylamine (Sigma-
Aldrich; St Louis, MO), (2R)-amino-5-phosphonovaleric acid (AP-5; Sigma-Aldrich),
Dihydro-B-erythroidine hydrobromide (DhBE; Tocris Bioscience; Minneapolis, MN) and a-
conotoxin M1l [H9A; L15A] (a-Ctx) (synthesis described in Mclntosh et al., 2004) were
bath applied for similar amounts of time in all experiments to control for relative rundown in
dopamine signals across time. Because mecamylamine alone modestly reduced dopamine
release, the effects of mecamylamine were subtracted from ethanol + mecamylamine results
to isolate ethanol effects.

2.4, Statistical Analysis

3. Results

Data are shown as mean + SEM. For experiments examining stimulation amplitude
dependent changes in dopamine release (input/output curve), a two-way repeated measures
analysis of variance (ANOVA) was performed, with stimulation intensity as the within
subjects factor, and strain as the between subject factor. For experiments examining
frequency dependent effects of ethanol in both mouse strains, two-way repeated measures
ANOVA was performed with stimulation frequency and ethanol as the within subjects
factors. Post-tests for these experiments were Tukey’s pairwise comparisons, testing for
significant differences between dopamine signals after ethanol to respective frequency
baseline signals. For ethanol concentration response curves, two-way ANOVA with ethanol
concentration as the within-subject variable, and mouse strain as the between-subject
variable, were used to examine ethanol potency between strains. In these experiments,
Bonferroni post-tests were performed comparing each drug concentration to their respective
baseline to test for significant differences. Experiments examining effects of various NAChR
antagonists on dopamine release were analyzed using two-way ANOVAs with drug (i.e.
Control, AP-5, MEC, DhpE, and a-conotoxin) and ethanol concentration as the two
between-subject variables. All statistics were performed using GraphPad Prism 5 (GraphPad
Software, La Jolla CA) and NCSS 8 (NCSS, Kaysville UT).

In order to determine whether dopamine release was different between C57 mice and DBA
mice under drug free (baseline) conditions, we monitored electrically-stimulated dopamine
release across a range of stimulation intensities and frequencies. Figure 1A shows no
difference in the peak height of evoked dopamine between C57 (red traces) and DBA (blue
traces) mice, using both low (left panel) and high (right panel) amplitude, single-pulse
stimulations. Grouped data in Figure 1B shows a clear amplitude response, F(11,7) = 23.58,
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p<0.0001, that is not different between the two strains of mice (p>0.05). Similarly, Figure
1C shows a significant effect of frequency (5 P @ 300uA) on dopamine release, F(4,8) =
28.51, p<0.0001, that does not differ between C57 and DBA mice (p>0.05).

Given the well-documented differences between C57 and DBA mice in their sensitivity to
ethanol’s effects on dopamine dependent behaviors, we tested whether an 80 mM
concentration of ethanol would differentially affect sub-second dopamine release in brain
slices from C57 vs. DBA mice. We recently showed that low concentrations of ethanol
robustly inhibit dopamine release in response to high, but not low, frequency stimulations.
Therefore, we monitored dopamine release across multiple low and high frequency
stimulations after application of 80 mM ethanol in both strains of mice. Representative
dopamine traces demonstrate a robust inhibition of dopamine only in C57 mice (Figure 2A).
Similar to our earlier work, this inhibition only occurs at stimulation frequencies greater
than or equal to 20 Hz. Indeed, a two-way mixed ANOVA with dopamine release from C57
mice as the dependent variable (Figure 2B) showed a main effect of frequency, F(4,7) =
5.07, p<0.01, a main effect of ethanol, F(1,6) = 22.87, p<0.01, and a Frequency x Ethanol
Interaction, F(4,12) = 3.52, p<0.05. Tukey’s post-hoc analyses demonstrated that ethanol
significantly blunted dopamine release at the 20 Hz (p<0.001) and 60 Hz (p<0.05)
frequencies. The same analysis in DBA mice (Figure 2C) showed only a main effect of
frequency, F(4,6) = 15.66, p<0.0001, with no effect of ethanol (p>0.05), and no Frequency x
Ethanol Interaction (p>0.05).

To test whether C57 mice showed greater sensitivity to the dopamine suppressing effects of
ethanol across a range of ethanol concentrations, we performed ethanol concentration-
response curves using a frequency (10 P @ 20 Hz) shown to be affected by ethanol in C57
mice (Figure 3). Representative dopamine traces demonstrate inhibition of dopamine at
moderate to high concentrations (40-160 mM) in C57 mice and only at high concentrations
(160 mM) in DBA mice (Figure 3A). A two-way mixed ANOVA with dopamine release
from C57 and DBA mice as the dependent variable (Figure 3B) showed a main effect of
strain, F(1,10) = 28.44, p<0.001, a main effect of ethanol concentration, F(4,10) = 57.36,
p<0.0001, and a Strain x Ethanol Interaction, F(4,40) = 3.96, p<0.01. Bonferroni post-hoc
analyses indicated that ethanol significantly blunted dopamine release at the 40 mM
(p<0.05), 80 mM (p<0.001), and 160 mM (p<0.01) concentrations. Additionally, Bonferroni
comparisons of each ethanol concentration against the pre-drug baseline showed an effect of
ethanol at 160 mM (p<0.05), but no effect at 20, 40, and 80 mM ethanol in DBA mice. In
C57 mice, however, this comparison yielded no effect at 20 mM, but significant effects of
ethanol at 40 (p<0.01), 80 (p<0.001), and 160 mM (p<0.001). Therefore, not only are C57
mice more sensitive to the dopamine inhibiting effects of ethanol, but DBA mice appear to
be completely insensitive to the ethanol’s inhibitory effects until high, supraphysiological
concentrations are reached.

In order to test a differential ability of NAChRs to mediate the effects of ethanol in these two
strains, we first investigated whether there were differences in the sensitivity of dopamine
release to NAChR blockade. To be consistent with the literature, we used a relatively high
concentration of mecamylamine (2 uM) that may also antagonize NMDA receptors (Papke
et al., 2001). Therefore, we also included a set of control experiments to examine the effects
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of the selective NMDA antagonist AP-5 (50 uM) on ethanol-induced inhibition of dopamine
release. Mecamylamine and DhBE (100 nM) significantly inhibited high frequency (20 Hz,
10 pulses) dopamine release (Figure 4), F(2,27) = 13.69, p<0.0001, equally in C57 and DBA
mice (p>0.05), with no interaction between strain and antagonist effect (p>0.05).
Additionally, as expected, AP-5 did not modulate dopamine release in either strain,
suggesting mecamylamine-induced decreases in dopamine release are mediated my nAChR,
and not NMDA receptor, blockade. We next tested whether ethanol retained the ability to
inhibit dopamine release in the presence of the nAChR antagonists, mecamylamine and
DhpE, and AP-5. A two-way ANOVA on dopamine release (normalized to pre-ethanol
values) when applying 80-160 mM ethanol in C57 mice (Figure 5A) showed a significant
main effect of group (i.e., ethanol vs. ethanol + AP-5 vs. ethanol + mecamylamine), F(2,76)
= 24.60, p<0.0001, a main effect of ethanol concentration, F(3,76) = 45.99, p<0.0001, and a
Drug Group x Ethanol Concentration interaction, F(6,76) = 6.323, p<0.0001. Bonferroni
post-hoc analyses demonstrated that the ethanol only group had significantly blunted
dopamine release relative to the ethanol + mecamylamine group at the 80 and 160 mM
ethanol concentrations. Similar to C57 mice, two-way ANOVA on mecamylamine + ethanol
data in DBA mice (Figure 5B) revealed a significant main effect of group (i.e., ethanol vs.
ethanol + AP-5 vs. ethanol + mecamylamine), F(2,80) = 5.345, p=0.0066, and a main effect
of ethanol concentration, F(3,80) = 18.59, p<0.0001. However, there was no Drug Group X
Ethanol concentration interaction, F(6,80) = 1.838, p=0.1022. Bonferroni post-hoc analyses
indicated that the APV + ethanol group had significantly blunted dopamine release relative
to the ethanol + mecamylamine group. Next, we examined ethanol’s effects in the presence
of the 2 subunit containing NAChR antagonist DhRE (Figure 5C-D). For C57 mice (Figure
5C), two-way ANOVA revealed that DhBE significantly attenuated ethanol’s inhibitory
effects on dopamine release (F(1,44) = 5.657, p=0.0218). Additionally, there was a main
effect of ethanol concentration on evoked dopamine release, F(3,44) = 24.40, p<0.0001, as
well as a Group x Ethanol Concentration interaction, F(3,44) = 7.470, p=0.0004. For DBA
mice (Figure 5D), there was a main effect of ethanol concentration, F(3,55) = 6.757,
p<0.0006, but no main effect of DhPE (p>0.05), and no interaction between DhBE and
ethanol concentration (p>0.05).

In order to better understand which nAChR subunits are involved in ethanol’s inhibitory
effects on dopamine, we bath applied increasing concentrations of ethanol (80 and 160 mM)
in the presence of the a6 subunit specific nAChR antagonist, a-Ctx MIl [H9A; L15A], in
C57 mice (100 nM; Figure 6). Dopamine release under high frequency conditions (20Hz
10p) was reduced by a-Ctx to 77.01% + 8.132%. This reduction was similar to that
produced by mecamylamine and DhBE in C57 mice (p>0.05). Two-way ANOVA examining
differences in ethanol sensitivity between a-Ctx and control experiments revealed a main
effect a-Ctx treatment, F(2,33) = 40.68, p<0.0001, and a main effect of ethanol
concentration, F(2,33) = 40.68, p<0.0001, but no Group X Ethanol Concentration
interaction (p>0.05). Also, ethanol’s inhibitory effects on evoked dopamine release washed
out at the end of the experiment (p>0.05). Lastly, two-way ANOVA comparing the effects
of a-Ctx, DhBE and mecamylamine on ethanol induced inhibition revealed a main effect
ethanol concentration, F(2,42) = 12.53; p<0.0001, as well as a nAChR Antagonist X Ethanol
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Concentration interaction, F(4,42) = 2.671; p=0.0451, and a main effect of NAChR
antagonist (F(2,42) = 3.433; p=0.0416).

4. Discussion

4.1. No Difference in Dopamine Signaling in C57 and DBA Mice

In the present study, we examined dopamine release using multiple stimulation intensities
and frequencies in order to better understand NAc dopamine signaling in two strains of mice
that have different behavioral and neurochemical responses to ethanol. Specifically, we
show here that electrically-evoked dopamine release is similar in C57 and DBA mice, and
that these similarities are consistent across a range of stimulation intensities (10-500 pA) as
well as frequencies (5-100 Hz). This is consistent with research showing that C57 and DBA
mice share similarities in baseline VTA dopamine firing rates (Brodie and Appel, 2000),
NAC vesicular monoamine transporter, dopamine transporter, tyrosine hydroxylase
expression (D'Este et al., 2007), and basal NAc dopamine levels (Kapasova and Szumlinski,
2008). Therefore, baseline dopamine dynamics do not appear to account for behavioral
differences in these strains, which may only be revealed in the context of ethanol
administration.

4.2. Differences in Dopamine Signaling and Ethanol Interactions in C57 and DBA mice

Although C57 mice more readily consume ethanol because of a taste preference (McCool
and Chappell, 2012), DBA mice are more sensitive to ethanol’s rewarding and dopamine-
enhancing effects at low to moderate doses (Cunningham, 1995; Cunningham et al., 1992;
Gremel et al., 2006; Brodie and Appel, 2000; Kapasova and Szumlinski, 2008). Results
from the current study extend these findings to show a decreased ability of ethanol to inhibit
dopamine release in DBA compared to C57 mice at moderate to high (40-160 mM) ethanol
concentrations, which overlaps with concentrations/doses used in previous studies (20-160
mM, Brodie and Appel, 2000; 2 g/kg, Kapasova and Szumlinski, 2008). This reduction in
the ability of ethanol to inhibit accumbal dopamine release in DBA mice may contribute to
the overall increased excitatory effects of ethanol on dopamine levels shown previously.
Therefore, the differences in ethanol-mediated dopamine related behaviors in C57 and DBA
mice may be attributed, at least in part, to greater sensitivity to excitatory effects at cell
bodies in combination with reduced sensitivity to inhibitory effects of ethanol on dopamine
terminal release in DBA mice.

4.3. Possible Cholinergic Activity-Related Mechanism of Ethanol Mediated Dopamine

Inhibition

Ethanol has many different interactions with the cholinergic system (for review see
Hendrickson et al., 2013). In the present study, ethanol and all nAChR antagonists reduced
dopamine release under high frequency conditions. Furthermore, nAChR antagonist pre-
application attenuated reductions in dopamine release by 80 and 160 mM ethanol. This
suggests that ethanol may be acting to reduce either cholinergic interneuron activity/release,
nAChR activity on dopamine terminals, or intracellular signaling that influences NAChR
activity.
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With respect to acetylcholine levels, a recent electrophysiology study has shown that ethanol
reduces striatal cholinergic interneuron firing rates, which is attributable to increases in
after-spike hyperpolarizations (Blomeley et al., 2011). This report is complemented by
studies showing reductions in extracellular acetylcholine levels after ethanol (Erickson and
Graham, 1973; Hunt and Dalton, 1976). However, it seems unlikely that ethanol’s inhibitory
effects on dopamine release are through decreases in acetylcholine levels, as reductions in
cholinergic tone also reduces single pulse dopamine release (Zhou et al., 2001), and single-
pulse elicited dopamine release is relatively insensitive to ethanol’s inhibitory effects
(YYorgason et al., 2014).

Another way ethanol may be acting to reduce dopamine signaling is by reducing nicotinic
receptor activity, either through receptor desensitization (for review see Dopico and
Lovinger, 2009) or blockade. Mesolimbic dopamine neurons express a number of NnAChR
subunits, including a3-7 and B2 subunits (Hendrickson et al., 2013). Nicotinic a7 subunits
combine to form homopentameric nAChRs, whereas a3-6 subunits are combined in various
arrangements with multiple B subunits to form heteropentameric nAChRs (Hendrickson et
al., 2013). Homomeric a7 nAChR activity is reduced by ethanol (Cardoso et al., 1999),
presenting a candidate for ethanol-induced blockade. However, it should be noted that a7
nAChR antagonists have little to no effect on high frequency stimulated dopamine release ex
vivo (Zhou et al., 2001), suggesting that the dopamine-inhibiting ethanol effect may be
through interactions with heteromeric B2-containing nAChRs (Exley et al., 2008). Indeed,
ethanol’s effects were robustly reduced by the 32 specific antagonist DhE and the a6
specific conotoxin MII, suggesting that ethanol’s effects in the NAc core are occurring
through interactions with nAChRs containing these two subunits. Considering the known
heterogeneity of nAChR subunit composition across the striatum (Exley et al. 2012), it
would informative to know the extent of ethanol’s inhibitory effects on dopamine
throughout these multiple regions. For instance, DhBE attenuates nAChR activity in the NAc
core and shell, but MIl a-Ctx’s dopamine modulating effects appear to be selective for the
NAC core (Schilaty et al., 2014; Exley et al., 2008; Exley et al., 2012). Therefore, if ethanol
still inhibits dopamine release in the NAc shell or the CPu (Exley et al., 2008; Exley et al.,
2012), this would suggest that the a6 subunit is not essential for ethanol to inhibit dopamine
release in this region. It is important to note that while we investigated three nAChR
antagonists across multiple concentrations of ethanol, we did not run concentration-response
curves of NnAChR compounds. However, concentrations used in this investigation are within
the range of those used in the literature to investigate the effects of nAChR subunit function
on dopamine release (Zhou et al., 2001; Zhang and Sulzer, 2004; Rice and Cragg 2004;
Schilaty et al., 2014). Moreover, it is unlikely that nonspecific effects of the antagonists are
responsible for the current effects, because DhBE and a-Ctx show high selectivity for f2 and
a6 nAChR subunits, respectively, in heterologous expression systems, and we ruled out
nonspecific effects of mecamylamine on NMDA receptors. Nevertheless, it appears that
while DhBE and mecamylamine attenuate ethanol’s effect at both 80 and 160mM, a-Ctx
reduces ethanol’s effects only at 80mM. The difference between these antagonists at the
high dose of ethanol might suggest two distinct possibilities. The first is that higher doses of
a-Ctx are required for attenuation of ethanol’s effects at the high concentration. The second
is that a6 nAChR subunits mediate effects only at lower concentrations of ethanol, while
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additional, non-a6 nAChR subunits are mediating ethanol’s effects at high concentrations.
Additional experimentation will be required to understand both the brain region and subtype
specificity of these effects.

Similar to our findings of decreased dopamine release after nAChR blockade, nAChR
activation (and possible desensitization) also inhibits electrically evoked dopamine release
(Zhou et al., 2001; Zhang and Sulzer, 2004; Rice and Cragg 2004). This suggests that the
inhibitory effects of ethanol on dopamine could be either through enhanced activation (and
subsequent desensitization) or blockade of NAChRs. The caveat with desensitization of f2-
containing nAChRs is that ethanol has been shown to increase NAChR-mediated cation
conductance in heteromeric receptors containing specific subunit combinations, including
a2P2, a2p4, a4p2 and adP4 containing receptors (Borghese et al., 2003; Bradley et al.,
1984; Cardoso et al., 1999; Zuo et al., 2001). While these previous studies may suggest that
ethanol mostly increases heteromeric NAChR activity, ethanol-mediated desensitization of
heteromeric NAChRs is still under investigation, and may involve secondary signaling
effectors not examined in the previous reports. Most notably, ethanol has been shown to
activate protein kinase A (PKA) and protein kinase C (PKC) dependent pathways (Ron and
Messing, 2013) that are involved in nAChR desensitization (Huganir and Miles 1989;
Marszalec et al., 2005).

Since the present study demonstrates that DBA mice have decreased sensitivity to
ethanolmediated dopamine inhibition, and that ethanol-mediated inhibition is reduced by
nAChR antagonism, it is notable that C57 and DBA mice have very different striatal
cholinergic systems. For instance, compared to C57 mice, DBA mice have increased striatal
acetylcholine esterase density and activity (lacopino et al., 1986). This difference in
enzymatic activity may result in greater acetylcholine levels during burst stimulations in
C57 mice, and thus increase C57 mouse susceptibility to nAChR desensitization (Giniatullin
et al., 2005; Threlfell et al., 2012). Furthermore, C57 and DBA mice differentially express
several single nucleotide polymorphisms in nAChR subunits that appear to contribute to
ethanol sensitivity (Butt et al., 2003; Symons et al., 2010). While it is not presently known if
these differences in nAChR ethanol sensitivity translate into differences in desensitization, it
is certainly possible, given the present results. However, we did not observe any noticeable
strain differences in sensitivity to nAChR antagonists in the present study. Therefore, future
studies examining ethanol’s inhibitory effects on striatal dopamine release may benefit from
more directly assaying the respective contributions of ethanol interactions with acetylcholine
levels as well as nAChR desensitization on dopamine terminals in these strains.

4.4. Conclusions

We found that dopamine release under baseline conditions is similar in C57 and DBA mice,
suggesting that baseline parameters likely do not contribute to differences in ethanol
sensitivity of dopamine terminals. Contrary to a lack of effect on baseline measures, ethanol
inhibition of high frequency, phasic-like dopamine release is greater in C57 compared to
DBA mice. This difference in sensitivity to ethanol inhibition of dopamine release may help
explain the large behavioral differences in reward related tasks, such as ethanol CPP and
ethanol locomotor stimulation, observed in these mouse strains (Cunningham et al., 1992).
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Increased sensitivity to ethanol’s rewarding and locomotor activating effects in DBA mice
may be influenced by the reduced sensitivity to ethanol’s inhibitory effects on dopamine
release, as shown here, resulting in greater ethanol-induced increases in dopamine levels as
measured by microdialysis (Kapasova and Szumlinski, 2008). Lastly, ethanol inhibition of
dopamine release under higher frequency conditions may be in part due to reduced nAChR
activity on dopamine terminals. However, additional studies examining how cholinergic
activity, and subsequent changes in rapid dopamine signaling, is influenced by ethanol may
elucidate the involvement of ethanol inhibition of dopamine release in reinforcement and
reward related behaviors.
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Figure 1. High and low frequency dopamine (DA) release is similar in C57 and DBA mice
A) Raw DA traces from single pulse stimulations at low (10 pA) and high (500 pA)

stimulation intensities in C57 (red) and DBA (blue) mice. B) Mean (xSEM) input/output
curve for DA release across increasing stimulation intensities (10-500 pA) under single
pulse stimulation conditions in C57 (red) and DBA (blue) mice. C) Mean (xSEM) DA
release in C57 (red) and DBA (blue) mice across a range of stimulation frequencies, from 5-
100 Hz (5 pulses, 350 pA).
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Figure 2. Ethanol (EtOH) inhibits dopamine (DA) release under high stimulation frequencies in
C57 mice

A) Raw evoked DA signals in C57 and DBA mice under single pulse conditions, and across
increasing stimulation frequencies (10-60 Hz; 10 pulses), with baselines in black, and 80
mM EtOH in red (C57) and blue (DBA). B-C) Group data (mean £SEM) of DA release
evoked from increasing stimulation frequencies from 1 pulse, and 10 pulse (10-60 Hz)
experiments in C57 (B) and DBA (C) mice during baseline (closed circles) and 80 mM
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EtOH (open circles) bath application normalized to baseline single pulse signals. *,p<0.05;
*** p<0.001.
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Figure 3. Ethanol (EtOH) potency for inhibition of dopamine (DA) release is greater in C57 mice
A) Normalized evoked DA release traces for 20 Hz, 10 pulse stimulation conditions across

increasing EtOH concentrations (20-160 mM) in C57 (red) and DBA (blue) mice. B) Mean
(xSEM) DA release under high frequency (20 Hz @ 10 pulses) stimulation conditions in
C57 (red) and DBA (blue) mice across increasing concentrations of EtOH (20-160 mM). On
group data where error bars overlapped with symbols, error bars were removed.*,p<0.05;

** p<0.01; *** p<0.001.
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Figure 4. The nicotinic acetylcholine receptor (nAChR) antagonists mecamylamine (MEC) and
dihydro-B-erythroidine hydrobromide (DhBE) reduce dopamine (DA) release similarly in C57
and DBA mice

Mean (£SEM) pre-drug normalized DA release after bath application of the NMDA receptor
antagonist AP-5 (50 uM), or the nAChR antagonists MEC (2 pM) and DhBE (100 nM) in
C57 (red) and DBA (blue) mice during 20 Hz, 10 pulse stimulation conditions. *,p<0.05;

** p<0.01.

Neuroscience. Author manuscript; available in PMC 2016 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yorgason et al.

Dopamine Release
(normalized to pre-ethanol)
>
1

Dopamine Release
(normalized to pre-ethanol)
2

>

—
X}
]

1.0

o
(o]
1L

0.4+

0.2+

C57

* %%
+ 4 * % %

bt

vy

Dopamine Release
(normalized to pre-ethanol)
>
L

o
o

O

— s
o N
V'l ]

o
(o]
1

S
K
1

=
N
1

-
N
]

1.04mmm

e
(e}
1

Page 21

DBA

o

-o- Control 0.4 -o- Control

- AP-5 ’ - AP-5

-+ MEC 0.24 == MEC

1 L 1 | | Oc 1 L 1 1
BL 80 160 Wash BL 80 160 Wash

[Ethanol] (mM)

O

* k%

=e- Control
-+ DhBE

Dopamine Release
(normalized to pre-ethanol)

o
o

-
N
1

1.0+

o o o
2 o o
1 1 1

e
N
1

[Ethanol] (mM)

=e- Control
-+ DhpE

o
=)

BL 80 160 Wash
[Ethanol] (mM)

BL 80 160 Wash
[Ethanol] (mM)

Figure 5. Nicotinic acetylcholine receptor (nAChR) antagonism attenuates ethanol’s (EtOH)

inhibitory effects on dopamine (DA) release

A-D) Mean (xSEM) baseline (and post-drug) normalized DA release under 20 Hz, 10
pulses stimulation conditions during and after EtOH (80-160 mM) application in C57 (A,C)
and DBA (B,D) mice. Experiments were performed in the absence of other drugs (control)
and in A-B during bath application of the non-selective NnAChR antagonist 2 uM
mecamylamine (MEC) or the NMDA receptor antagonist AP-5 (50 pM). In C-D ethanol’s
effects were examined during batch application of the 2 specific nAChR antagonist DhE
(100 nM). On group data where error bars overlapped with symbols, error bars were
removed. Significance symbols are in relation to Control (*) and AP-5(+) experiments. +,

p<0.01; *** +++,p<0.001.
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Figure 6. Ethanol’s inhibitory effects on dopamine (DA) release are through decreased activity at
a6 nicotinic acetylcholine receptors (NnAChRS)

A) Mean (£SEM) baseline (pre-drug) normalized dopamine responses during high
frequency (20 Hz, 10 pulses) stimulation conditions in C57 mice. The a6 subunit specific
blocker a-conotoxin MII [H9A; L15A] (a-Ctx) was bath applied at 100 nM, and increasing
concentrations of ethanol (80, 160 mM) were bath applied, and subsequently washed out. B)
Effects of ethanol (80 and 160 mM) on evoked dopamine release in the absence (control) or
presence of a-Ctx (100 nM). **,p<0.01.
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