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Abstract

Background—Ethanol intoxication affects cognitive performance, contributing to attentional
deficits and poor decision making, which may occur via actions in the medial prefrontal cortex
(mPFC). mPFC function is modulated by the catecholamines dopamine and norepinephrine. In
this study, we examine the acute effects of ethanol on electrically-evoked dopamine release and
clearance in the mPFC of anaesthetized rats naive to alcohol or chronically exposed to alcohol
during adolescence.

Methods—Dopamine release and clearance was evoked by electrical stimulation of the VTA and
measured in the mPFC of anaesthetized rats with fast-scan cyclic voltammetry. In Experiments 1
and 2, effects of a high dose of ethanol (4g/kg, i.p.) on dopamine neurotransmission in the mPFC
of ethanol-naive rats and rats given ethanol exposure during adolescence were investigated.
Effects of cumulative dosing of ethanol (0.5-4g/kg) on the dopamine release and clearance were
investigated in Experiment 3. Experiment 4 studied effects of ethanol locally applied to the ventral
tegmental area (VTA) on the dopamine neurotransmission in the mPFC of ethanol-naive rats.

Results—A high dose of ethanol decreased evoked dopamine release within 10 min of
administration in ethanol-naive rats. When tested via cumulative dosing from 0.5-4g/kg, both 2
and 4g/kg ethanol inhibited evoked dopamine release in the mPFC of ethanol-naive rats, while
4g/kg ethanol also slowed dopamine clearance. A similar effect on electrically-evoked dopamine
release in the mPFC was observed after infusion of ethanol into the VTA. Interestingly,
intermittent ethanol exposure during adolescence had no effect on observed changes in mPFC
dopamine release and clearance induced by acute ethanol administration.

Conclusions—Taken together, these data describe ethanol-induced reductions in the dynamics
of VTA-evoked mPFC dopamine release and clearance, with the VTA contributing to the
attenuation of evoked mPFC dopamine release induced by ethanol.

Corresponding author: Donita L. Robinson, PhD, Bowles Center for Alcohol Studies, CB #7178, University of North Carolina, Chapel
Hill, NC 27599-7178; DLR@unc.edu; Phone: 919-966-9178; Fax: 919-966-5679.
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Introduction

Alcohol addiction is characterized by loss of control over alcohol intake, and the
mechanisms underlying the transition from occasional to escalated drinking are still unclear
(Koob and Volkow, 2010). The medial prefrontal cortex (mPFC) is critical for reward,
behavioral control and flexibility (Rogers et al., 2004, Rushworth et al., 2011). These mPFC
functions are modulated by dopamine from ventral tegmental area (VTA) neurons, released
in the mPFC and activating D1 receptors on cortical pyramidal neurons (Arnsten, 1997,
Wang et al., 2006). Thus, investigation of ethanol-induced changes in dopamine release and
clearance in the mPFC might elucidate mechanisms of ethanol actions and subsequent
neuroadaptations leading to loss of control over intake.

Recently, Schier and colleagues (2013) used microdialysis to demonstrate increased
extracellular dopamine in the mPFC induced by intravenous ethanol in rats (Schier et al.,
2013), similar to the well-known effect of ethanol in the nucleus accumbens (Imperato and
Di Chiara, 1986). Ethanol is thought to activate firing of VTA dopaminergic neurons to
increase tonic and phasic dopamine release (Gessa et al., 1985, Robinson et al., 2009).
However, alterations in the dynamics of dopamine release and clearance may also contribute
to this effect. Real-time dopamine release and uptake has been measured with fast-scan
cyclic voltammetry (FSCV) in rodent striatum. Recently, this technique was validated to
evoke dopamine and not norepinephrine release in the mPFC (Shnitko and Robinson, 2014).
In FSCV studies, acute ethanol blunted electrically-evoked dopamine release in striatum and
sometimes slowed reuptake by the dopamine transporter (DAT) (Robinson et al., 2005,
Jones et al., 2006). Ethanol may affect mesocortical dopamine transmission in a different
manner, given that dopamine release and clearance dynamics in the mPFC differ from those
in striatum (Garris et al., 1993, Mundorf et al., 2001). Specifically, mPFC dopamine
clearance is slower and occurs via reuptake at the DAT and norepinephrine transporter
(NET), as well as via metabolism by catechol-O-methy! transferase (COMT) and
monoamine oxidase (Mundorf et al., 2001, Yavich et al., 2007).

Generally, we hypothesize that alcohol alters mesocortical dopamine release and this
alteration contributes to the behavioral and cognitive effects of alcohol intoxication. To
begin to address this hypothesis, the current pharmacological study presents the first
examination of the effects of acute and chronic ethanol on mPFC dopamine transmission on
a sub-second time scale. We used FSCV in anesthetized rats to measure endogenous
dopamine release evoked by electrical stimulation of the VTA and subsequent clearance.
The use of anesthetized rats provided low-noise signals and avoided artifacts associated with
the behavioral or sensory response to ethanol or the stimulation. We predicted that
electrically-evoked dopamine release in the mPFC would be diminished by ethanol, similar
to its effect in striatum, and that this effect would be due to ethanol actions in the VTA.
Finally, as the development of alcohol dependence is highly associated with early onset of
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drinking (Spear and Varlinskaya, 2005), and as dopamine circuitry and the mPFC mature
across adolescence, adolescent ethanol intoxication might lead to permanent alteration of
cortical dopaminergic neurotransmission (Trantham-Davidson et al., 2014). Therefore, we
also made initial measurements of cortical dopamine release and clearance in rats exposed to
intermittent ethanol during adolescence.

Materials and Methods

Animals

Surgery

Adult male Sprague-Dawley rats (390 = 8g at recording) were purchased from Harlan
Laboratories (Frederick, MD; Experiments 1, 3 and 4) or were bred in-house (Experiment
2). They were pair-housed in a temperature- and humidity-controlled room on a 12-h light-
dark schedule with food and water ad libitum. All procedures complied with the Guide for
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
and Use Committee of the University of North Carolina.

Rats were anesthetized (1.5g/kg urethane, i.p.) and placed in a stereotaxic frame on a heated
pad for the surgery and experiment. Urethane is known to have minimal effects on
dopaminergic neurotransmission (Maggi and Meli, 1986) and is widely used for the
voltammetric measurements of dopamine and electrophysiological investigations of ethanol
effects in the brain (Garris et al., 1993, Moisan and Rompre, 1998). Placements of the
carbon-fiber, reference and stimulating electrodes were described previously (Shnitko and
Robinson, 2014). Electrode placements (from bregma) were AP -5.2mm and ML —-0.8mm
for the stimulating electrode and AP +3.7mm and ML —2.0mm for the carbon-fiber
electrode. The stimulating electrode (bipolar, parallel, stainless-steel, 0.2mm diameter/tip;
Plastics One, Roanoke, VA) was lowered to the VTA at DV -8.5 or —8.6mm while the
carbon-fiber electrode was initially placed in the mPFC at DV -3.0mm with 20° angle to the
midline. An advantage of electrode placement in the anterior VTA is that it activates both
neuronal cell bodies in this region and ascending fibers from the posterior VTA.

Voltammetry

Electrochemical measurement was performed as previously described (Shnitko and
Robinson, 2014). The applied potential was ramped from —0.4V to +1.3V and back to 0.4V
every 100ms (scan rate 400V/s). The carbon-fiber electrode was lowered into the mPFC
(DV -3.0 to —3.5mm) to optimize the VTA-evoked dopamine signal to >5-fold higher than
the root mean square of the background. The electrical stimulation (24 biphasic square-wave
pulses, 2ms per phase, 125uA, 60Hz) is supraphysiological, although single-unit recordings
demonstrate that dopamine neurons can burst with a transitory firing rate of >30Hz (Grace,
1987). This stimulation is self-administered via intracranial self-stimulation in awake rats
(Sombers et al., 2009) and uses less current than typical for anesthetized preparations (Garris
etal., 1993). It is used here to achieve appropriate signal-to-noise ratios that are required for
analysis of endogenous dopamine dynamics while minimizing current spread (Shnitko and
Robinson, 2014).
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To estimate the sensitivity of the carbon-fiber to dopamine, electrodes were calibrated in
vitro post-experiment (Robinson et al., 2009). When calibration was precluded due to
electrode damage, an estimated calibration factor was used (76+£0.002nM/nA, n=41).

Experiment 1: Single dose-response study in ethanol-naive rats—The effects of
4g/kg ethanol on electrically-evoked dopamine release and clearance in the mPFC were
determined, a dose that significantly and robustly affects striatal dopamine release
(Robinson et al., 2005). After positioning the carbon-fiber and stimulating electrodes, three
“baseline” evoked signals were collected 5 minutes apart in each rat. Then the animal was
given an i.p. injection of saline and three “saline-pretreatment” signals evoked by VTA
stimulation were collected, followed by i.p. injection of ethanol in the ethanol group or an
equivalent volume of saline in the control group. Five evoked signals were collected. For the
ethanol injections, 95% ethanol was diluted in saline to 30% (w/v). Note that the saline-
pretreatment was an injection control performed to conduct within-subject analyses in
Experiments 1, 2 and 3.

Experiment 2: Single dose-response study in rats exposed to ethanol during
adolescence—A separate group of rats was given intermittent ethanol exposure during
adolescence. Ethanol (25% wi/v in a 0.125% saccharin/3% sucrose solution) was given
intragastrically every other day from postnatal day (P) 25 to P45 at a dose of 2.5g/Kkg;
control rats received the vehicle solution. The sweetened ethanol solution (Ji et al., 2008)
was used in order to model self-administration procedures (Morales et al., 2014, Schindler et
al., 2014). Following the exposure period, the rats were allowed to reach adulthood. FSCV
was performed on P94+3 as described in Experiment 1, with both groups (ethanol-exposed,
vehicle-exposed) receiving 4g/kg ethanol (i.p.).

Experiment 3: Cumulative dose-response study—The effects of cumulative
ethanol dosing on electrically-evoked dopamine release and clearance in the mPFC were
determined in a third group of rats. Three “baseline” evoked signals were collected 5
minutes apart in each rat. Next, all rats received saline (i.p.) and three “saline pretreatment”
signals were collected. The first injection of ethanol (ethanol group) or saline (control
group) was made immediately after collection of the last saline-pretreatment signal and three
VTA-evoked voltammetric signals were collected. During a single experiment, each rat in
the ethanol group was given four i.p. injections of ethanol: 0.5g/kg, 0.5g/kg (cumulative 1g/
kg), 1g/kg (cumulative 2g/kg) and 2g/kg (cumulative 4g/kg). Injections were given 15 min
apart and electrically-evoked voltammetric signals were recorded every 5 min for 60 min
after the first 0.5g/kg injection. Control rats received equivalent volumes of saline.

Experiment 4: Microinfusion of ethanol to the VTA—In a fourth group of rats, we
determined the effect of VTA ethanol infusion on evoked dopamine release in the mPFC. A
33-gauge infusion cannula was attached to the stimulating electrode such that the infusion
needle was adjacent to the stimulating electrode tips (Plastics One). Three evoked “baseline”
dopamine signals were collected, followed by infusions of either phosphate-buffered saline
(PBS, pH 7.4) or ethanol in PBS at 20 and 40mM. Infusions were made via a 26-gauge
injection needle attached by tubing to a 10uL syringe on a pump; the tip of the infusion
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needle protruded 0.5mm past the end of the cannula. Solutions were injected as 0.5uL/2 min.
After each infusion, six stimulations were delivered to the VTA at 5-min intervals and
evoked dopamine release was measured in the mPFC. In each rat, two infusions were
performed, 30-min apart, using either 20mM and then 40mM ethanol or PBS/PBS. As a
positive infusion control, 0.5uL of lidocaine (350umol/2 min) was infused after the
collection of last dopamine signals.

Detailed histological analysis of electrode placements in the mPFC were described
previously (Shnitko & Robinson, 2014); we used identical coordinates in the present study.
However, to keep the carbon-fiber electrode intact for post-experiment calibration, in this
study we did not create a lesion at the carbon-fiber tip that would allow visualization of the
electrode placement.

Data Analysis

Results

The presence of dopamine in the voltammetric signals was identified by using both color
plots and cyclic voltammograms (CVs). The voltammetric current resulting from oxidation
of dopamine at ~0.65V vs the Ag/AgCI reference electrode was converted to concentration
by using principal component regression (Heien et al., 2005). As previously described
(Shnitko and Robinson, 2014), a parameter of dopamine release was obtained from the peak
dopamine concentration ([DA]max) and clearance was obtained as Ty, the time required for
dopamine to decay to half of [DA]mnax (Yorgason et al., 2011). T4/, was chosen based on
prior work where we compared Tq,, slope from Tog to Tgg and full width at 50% of height,
and found that T4/, was the most consistent within-subject and between-subject for VTA-
evoked, mPFC dopamine (unpublished data).

For data analysis, the three baseline signals were averaged into one baseline measurement,
and the three saline-pretreatment signals were averaged into one saline measurement.
Summarized data are presented as a percent of the baseline measurement; the saline-
pretreatment measurement is a within-subject injection control. Statistics were calculated on
the raw data. Data were analyzed in a 2-way, repeated-measures (RM) ANOVA of group by
time or dose (SigmaPlot 11.0, Systat Software, Inc., San Jose, CA). Posthoc comparisons
were corrected for multiple comparisons to avoid type | errors. Only results with p<0.05
were considered significant. Data are presented as mean+=SEM, and group n’s are stated in
the figure captions.

Single dose-response study in ethanol naive rats

Previous studies revealed robust effects of 2.5-5g/kg ethanol on striatal dopamine release 10
min after i.p. injection, an effect that persisted for at least 60 min (Budygin et al., 2001,
Robinson et al., 2005). To identify whether ethanol similarly alters evoked dopamine release
and clearance in the mPFC, Experiment 1 investigated the acute effect of ethanol on mPFC
dopamine release and clearance in ethanol-naive rats. Evoked [DA]mnax at baseline was not
statistically different between groups (ethanol group: 87+14nM; saline group:122+7nM).

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 December 01.



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

1duosnuely Joyny vd-HIN

Shnitko et al.

Page 6

Similar to its effect in striatum (Budygin et al., 2001), ethanol decreased [DA]nax in the
mPFC by 36% from baseline and 34% from saline-pretreatment within 10 min after
injection and this effect persisted for the recording period (Figure 1A). A 2-way, RM-
ANOVA yielded a significant main effect of time (Fg 66=5.9, p<0.001) with a group-by-time
interaction (Fg 66=3.0, p<0.05), but no main effect of group. Posthoc comparisons revealed
that [DA]max in the ethanol group was significantly reduced from 10 to 25 min after
injection relative to both baseline and saline-pretreatment (Bonferroni t-test, p<0.05); the 15-
min timepoint was also significantly different (Bonferroni t-test, p<0.05) and the 10-min and
25-min timepoints were marginally different (p<0.08) when compared with the saline
control group. In contrast, [DA]max did not vary over time within the saline group.
Dopamine clearance (Ty/,) in the mPFC was not significantly affected by 4g/kg ethanol
(Figure 1B, no significant main effects or interactions).

Single dose-response study in rats exposed to ethanol during adolescence

Experiment 2 evaluated the effect of 4g/kg ethanol challenge on dopamine release and
clearance in the mPFC of adult rats exposed to ethanol during adolescence. Similar baseline
[DA]max Was recorded in both groups of rats: 133£20nM in vehicle-exposed and 144+30nM
in ethanol-exposed rats. Similar to Experiment 1, ethanol decreased electrically-evoked
[DA]max in both ethanol- and vehicle-exposed groups by 33% and 36% versus baseline and
by 30% and 31% versus saline-pretreatment values, respectively (Figure 2A). A 2-way, RM-
ANOVA yielded a significant main effect of time (Fg 54=8.2, p<0.001) with no main effect
of group or interaction. Collapsed across group, [DA]max Was significantly reduced relative
to baseline and saline pretreatment from 10 to 25 min after injection (post-hoc Bonferroni t-
test, p<0.05).

In Experiment 2, ethanol also slowed the time required for dopamine clearance (Figure 2B).
In the vehicle-exposed group, T4/, was increased by 37% versus baseline and 32% versus
saline pretreatment within 10 min after injection, while in the ethanol-exposed group it
increased by 42% and 39% versus baseline and saline pretreatment, respectively, only at 25
min. However, this ethanol effect was quite variable. A 2-way, RM-ANOVA revealed a
significant main effect of time (Fg 53=3.7, p<0.005), without a main effect of group or
group-by-time interaction. Collapsed across groups, T/ was significantly increased at 25
min relative to the baseline, saline-pretreatment and 5-min post-injection timepoints
(Bonferroni t-test, p<0.05).

Cumulative dose-response study

Experiment 3 investigated evoked dopaminergic responses in the mPFC to increasing doses
of ethanol by using a cumulative-dose design. Figure 3A displays representative VTA-
evoked dopamine signals after saline, 2 and 4g/kg ethanol injection obtained from an
individual rat. Ethanol decreased the amplitude of the signals at both cumulative doses.
Moreover, there was slower dopamine decay after 4g/kg, compared to the signals obtained
after saline and 2g/kg ethanol. Summarized data on the effect of cumulative ethanol on
[DA]max and Tqp are shown in Figure 3B—C. [DA]max at baseline was 150£30nM in the
ethanol group and 100£10nM in the saline group. As in Experiments 1 and 2, ethanol
decreased electrically-evoked dopamine release. A 2-way, RM-ANOVA yielded a
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significant main effect of dose (Fs 45=4.6, p<0.005) with a significant group-by-dose
interaction (Fs 45=6.2, p<0.001), but no main effect of group. The 0.5 and 1g/kg cumulative
doses slightly decreased [DA]max by 17% and 22% versus baseline and 13% and 18% from
saline pretreatment, but only 1g/kg was significantly different from baseline within the
ethanol group (Bonferroni t-test, p<0.05). Cumulative 2 and 4g/kg ethanol significantly
reduced [DA]max by 35% and 33% versus baseline and 31% and 30% versus saline
pretreatment, respectively (Bonferroni t-test, p<0.001). [DA]max did not vary over time
within the saline group. Interestingly, ethanol increased Ty/», demonstrating slower
clearance of dopamine (Figure 3B). A 2-way, RM-ANOVA yielded a significant group-by-
dose interaction (Fs 45=2.8, p<0.05) with no significant main effects. Post-hoc comparisons
revealed that Ty, was significantly enhanced at 4g/kg ethanol relative to saline pretreatment
(Bonferroni t-test, p<0.05), while T4/, did not change over time in the saline group.

Microinfusion of ethanol to the VTA

Experiment 4 aimed to localize the site of ethanol action on mPFC dopamine release by
infusing consecutive infusions of 20 and 40mM ethanol directly into the VTA at the
stimulation site; control rats received equivalent volumes of PBS. Figure 4 shows
electrochemical signals recorded in the mPFC of an individual rat before and after ethanol
infusion. The data demonstrate some reduction of the VTA-evoked dopamine signal 5 min
after infusion of 20mM ethanol and greater reduction 5 min after the subsequent 40mM
infusion.

The composite data are presented in Figure 5. Figure 5A shows that 20mM ethanol
decreased dopamine release, with the maximal reduction of 34% versus baseline occurring
20 min after the infusion. Next, 40mM ethanol reduced the evoked dopamine release in 10
min by 43% relative to baseline. For statistical analysis, we collapsed data into 3 epochs:
baseline (3 signals over 15 min), first infusion and second infusion (each 6 signals over 30
min). Both 20 and 40mM ethanol decreased [DA]max in the mPFC by 20% and 40% from
baseline, respectively (Figure 5B). A 2-way, RM-ANOVA yielded a significant main effect
of time (F, 6=33.1 p<0.001) with a significant group-by-time interaction (F, ¢=6.8, p<0.05)
and no main effect of group. Post-hoc comparisons confirmed that [DA]max Was
significantly reduced by 20 and 40mM ethanol versus baseline; moreover, 40mM inhibited
dopamine release twice as much as the 20mM infusion (Bonferroni t-test, p<0.05).

To verify that the infusions reached the neurons that were electrically stimulated, we infused
350nM lidocaine after all recordings (Figure 5A). Lidocaine significantly decreased
dopamine release within 10 min by 82% versus baseline in both ethanol and PBS groups
(paired t-test, p<0.05).

Discussion

Acute ethanol increases firing of dopamine neurons (Gessa et al., 1985), resulting in higher
dopamine concentrations in striatal regions as measured with microdialysis (Imperato and Di
Chiara, 1986) and FSCV (Cheer et al., 2007, Robinson et al., 2009). Linked to this increase
in spontaneous dopamine activity, the effect of ethanol on electrically-evoked dopamine
release in striatum is to reduce the amount of release per action potential (Budygin et al.,
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2001), an effect that may be due to less vesicular loading or to dopamine D2 autoreceptor
activation (Ludlow et al., 2009). We now extend this research to examine ethanol’s effects
on VTA-evoked dopamine release and clearance measured in the mPFC. We found that
ethanol reliably reduced [DA]max, consistent with its actions on dopamine release in
striatum. Moreover, this effect was duplicated by ethanol infusion into the VTA, indicating
ethanol action at the dopaminergic soma. In addition, ethanol slowed dopamine clearance in
the mPFC under some conditions; while we have also reported slower uptake of dopamine
in striatum after ethanol challenge (Robinson et al., 2005), the mechanism of action is likely
to be different in the mPFC due to the paucity of the DAT in that region. Surprisingly,
adolescent ethanol exposure did not alter VTA-evoked dopamine dynamics in the mPFC
after acute ethanol challenge in adulthood. By describing ethanol actions on the real-time
dynamics of phasic dopamine release in the mPFC, this study provides a neurobiological
mechanism by which ethanol can alter the catecholaminergic modulation of mPFC function,
possibly leading to cognitive impairment and loss of control over ethanol intake.

The most consistent effect of ethanol on VTA-evoked dopamine in the mPFC was to reduce
[DA]max- For example, the 4g/kg ethanol used in Experiments 1 and 2 produced a 30-35%
decrease in [DA]max from saline-pretreatment values, which is smaller but consistent with
previously reported ethanol effects in the striatum. For example, 4g/kg ethanol reduced
[DA]max by 55% in the olfactory tubercle (Robinson et al., 2005) and 2.5g/kg ethanol
reduced [DA]max by 65% in the caudate (Budygin et al., 2001), effects that were apparent
within 10-min post-injection and persisted for the 60-min recording period.

Importantly, ethanol acts in the VTA to reduce evoked dopamine release, as direct infusion
of ethanol to the VTA stimulation site reproduced the reductions in [DA]nax Observed after
systemic administration of ethanol. This conclusion is consistent with ethanol reductions of
electrically-evoked striatal dopamine release observed in in vivo but absent in striatal slice
preparations that do not include the soma (Budygin et al., 2001, Jones et al., 2006). A caveat
is that the ethanol-induced decrease in dopamine release typically occurred ~10 min after
infusion, suggesting that ethanol may be diffusing to its site of action. Indeed, our
stimulating electrodes and attached guide cannula were placed relatively anterior in the
VTA, while the posterior VTA may be more sensitive to ethanol effects (Ding et al., 2011)
(but see (Ericson et al., 2008)). Interestingly, the effect of 40mM ethanol persisted for 30-
min post-infusion, consistent with Ding et al. (2011), who reported increased extracellular
dopamine levels in the mPFC which persisted for ~30min following a 44mM infusion of
ethanol to the posterior VTA.

While ethanol increases extracellular dopamine levels in both striatum and mPFC (Robinson
etal., 2009, Schier et al., 2013), when dopamine release is electrically-evoked and detected
with FSCV, ethanol decreases release in striatum (Budygin et al., 2001, Robinson et al.,
2005) and mPFC as demonstrated in the present study. This ethanol effect on electrically-
evoked dopamine may at first appear contradictory with its effect on spontaneous neuronal
firing and dopamine release. The difference may be explained by activity-dependent
alterations on subsequent dopamine release per impulse, such as that evoked by electrical
stimulation (Robinson et al., 2005). In striatum, dopamine release is regulated by
autoinhibition via D2 receptors. For example, systemic injections of D2 agonists decreased
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electrically-evoked dopamine release in mouse striatum, while antagonists reversed this
effect (Maina and Mathews, 2010). As ethanol increases spontaneous firing of dopamine
neurons, the subsequent dopamine release might activate D2 autoreceptors; this regulation is
one likely mechanism for reductions in evoked DA release when spontaneous activity
increases. However, our previous study found that systemic administration of a D2-receptor
antagonist reduced VTA-evoked dopamine release in the mPFC (Shnitko and Robinson,
2014), the opposite effect of that observed in striatum, suggesting that mesocortical and
mesostriatal dopamine neurons are differentially regulated by D2 autoreceptors. Another
possible explanation of ethanol’s effect on evoked dopamine release is that dopamine is less
efficiently recycled in the mPFC as compared to striatum. This might occur due to less
efficient dopamine reuptake via DAT, dopamine transport into noradrenergic terminals by
NET, and metabolism of extracellular dopamine by COMT. Under saline conditions, the
readily releasable pool of dopamine may be maintained with the current stimulation
protocol, as indicated by stable [DA]nax. However, when ethanol increases spontaneous
firing of dopamine neurons, and consequently dopamine release, the readily releasable pool
may be depleted. Future studies can investigate this possibility by pharmacologically
manipulating dopamine synthesis/metabolism, vesicular packaging and release capability.

Previous studies demonstrated clear dose-dependent effects of ethanol on striatal dopamine
release (Budygin et al., 2001, Robinson et al., 2005). In the present study, we used a
cumulative dose-response procedure (Robinson et al., 2009, Schier et al., 2013) and found
that 0.5g/kg ethanol did not alter dopamine release, consistent with previous studies in
striatum where this dose had little effect (Budygin et al., 2001, Robinson et al., 2009).
Furthermore, 1, 2 and 4g/kg ethanol doses reduced [DA]max by 20-30% relative to saline
pretreatment with no statistical difference between doses. It is possible that the lack of more
obvious dose-dependent effects of ethanol on [DA]max may result from the emergence of
concurrent effects on cortical dopamine clearance; as extracellular dopamine is dependent
on both release and clearance, slower clearance would amplify the evoked [DA]max
(Wightman and Zimmerman, 1990). Specifically, changes in clearance can affect the
concentration of dopamine that accumulates to achieve [DA]max, and significant changes in
[DA]max Will affect the time of Ty, under constant clearance conditions. Thus, the finding
that we observed slower Ty, under conditions of smaller [DA]nax Suggests that ethanol
exerted two opposing effects on dopamine transmission. This interpretation is strengthened
by Experiment 4: VTA infusion of ethanol that was unlikely to alter clearance mechanisms
produced a clear dose-dependent effect on [DA]max, With 40mM ethanol reducing [DA]max
twice as much as 20mM ethanol.

The present study evaluated dopamine clearance by measuring Ty, the time required for
VTA-evoked dopamine to decay to the half of [DA]max. and found that high doses
sometimes slowed dopamine clearance in the mPFC. While 4g/kg ethanol challenge did not
reliably affect mPFC dopamine clearance in ethanol-naive rats, there was between-rat
variability in these data. When tested in rats previously exposed to ethanol or vehicle during
adolescence, we found that clearance of evoked dopamine was significantly slower at 25
min after the same ethanol challenge in both groups of rats. Similar results were obtained in
the cumulative-dose experiment, where T/, was doubled by ethanol at the 4g/kg dose.
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Interestingly, ethanol had a larger effect on dopamine clearance when its dose was
cumulatively increased to 4g/kg than when the same dose was administered as a single
injection. This may be due to the longer time of ethanol exposure in the brain during the
cumulative dosing procedure and subsequent accumulation of ethanol metabolites, which
themselves can also alter dopamine transmission (Foddai et al., 2004, Deehan et al., 2013).
It may be noteworthy that such cumulative dosing better mimics human binge drinking than
single-dose challenges.

Ethanol-induced reductions in dopamine uptake have been observed in ventral striatum, both
invivo and in vitro (Robinson et al., 2005), although this observation was not made in other
studies (Jones et al., 2006). However, it is important to note that the mechanism of dopamine
clearance in cortex differs from striatum, where dopamine is primarily cleared by the DAT.
In the mPFC, although dopamine is removed from the extracellular space by the NET and,
to a lesser extent, the DAT (Mundorf et al., 2001), a primary means of clearance is via
extracellular degradation by COMT (Yavich et al., 2007). While COMT genotype has been
linked to ethanol drinking in people and animals (Tammimaki and Mannisto, 2011), it is
unknown whether ethanol challenge acutely alters COMT function in a way that may
explain the present results. In contrast, ethanol can reduce exogenous norepinephrine uptake
at the NET (Lin et al., 1997), and rodent strains bred for differences in ethanol sensitivity
also differ in NET activity (Freund et al., 2003, Haughey et al., 2005). Thus, future studies
are required to determine the mechanism(s) of ethanol’s ability to slow dopamine clearance
in the mPFC, but both COMT and NET are plausible targets.

We investigated whether intermittent ethanol exposure during adolescence affects the
described changes in VTA-evoked dopamine overflow. The dopaminergic system changes
during adolescence (McCutcheon et al., 2012, Naneix et al., 2012), and ethanol exposure
during this time might have lasting consequences on dopaminergic neurodevelopment and
behavior (Spear and Varlinskaya, 2005, Pascual et al., 2009, Philpot et al., 2009).
Nevertheless, surprisingly similar effects of ethanol challenge on VTA-evoked dopamine
release were observed in the mPFC of adults exposed to ethanol as adolescents when
compared to controls. While the consequences of adolescent ethanol treatment on real-time
dopamine release and clearance in any brain region is unclear, chronic ethanol exposure in
adulthood blunted ethanol-induced decreases of evoked dopamine release in caudate slices
of monkeys (Budygin et al., 2003). Moreover, while chronic ethanol exposure did not affect
baseline dopamine release evoked by electrical stimulation, it enhanced the rate of dopamine
uptake in striatal slices of rats (Budygin et al., 2007). In the present study, it is possible that
the adolescent exposure regimen was too brief or the doses were too low to produce a lasting
effect. Another possibility is that a critical exposure period was missed, as the mPFC
continues to mature past puberty (Gogtay et al., 2004), and cortical dopamine receptor
expression progressively increases from P21-60 (Andersen et al., 2000, Tarazi and
Baldessarini, 2000). Future studies can address these possibilities, considering such
important parameters as age, duration of ethanol exposure, and acute effects of ethanol at a
wide range of doses. Nevertheless, despite a lack of group differences, this experiment
provided an important replication of the effects of ethanol challenge to diminish VTA-
evoked dopamine release in the mPFC and sets a direction for future studies.
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Few voltammetric measurements of dopamine dynamics have been made in prefrontal
cortex due to technical concerns of selectivity between dopamine and norepinephrine. After
validating the selectivity of VTA-evoked dopamine measurements in the mPFC (Shnitko
and Robinson, 2014), the present study applied this approach to pharmacological effects of
alcohol on cortical dopamine dynamics. While innovative, this study has important
limitations. One limitation is the use of anesthesia, which was required to enhance the
signal-to-noise of VTA-evoked dopamine and to avoid potential interference of spontaneous
catecholamine release potentially triggered by the interceptive effects of the VTA
stimulation. Ethanol can interact with urethane to produce different effects than other
anesthetics on inferior olivary nucleus neurons (Rogers et al., 1986). However, this effect
may be specific to certain brain circuits. Urethane is widely used in the study of
dopaminergic mechanisms in vivo as it does not affect firing activity of dopamine neurons
(Brischoux et al., 2009) and ethanol effects on electrically-evoked striatal dopamine release
is similar in awake and urethane-anesthetized rats (Budygin et al., 2001, Robinson et al.,
2005). A second limitation was the necessity to use electrical stimulation to evoke dopamine
release. The parameters of the stimulation (24 pulses, 60Hz, 125pA) produced sufficient
signal-to-noise ratio for data analysis and were previously shown to selectively evoke
dopamine (Shnitko and Robinson, 2014), but they are supraphysiological. Moreover, our
findings are currently limited to estimates phasic dopamine release as opposed to tonic
release, which is typically modeled with frequencies of <10Hz. Therefore, it is not clear
whether ethanol would have similar effects on dopamine release evoked by small
stimulation, mimicking tonic release. As detection limits of the electrochemical
instrumentation improve, mPFC dopamine can be investigated with smaller stimulation
trains that better mimic burst firing as well as tonic firing of dopamine neurons. Finally,
while this study employed single and cumulative dosing of ethanol, future studies can utilize
additional dosing regimens to model alcohol drinking and various stages of intoxication.
Nevertheless, the present study is an important initial step to understand the pharmacological
effects of alcohol on cortical dopamine dynamics.

In conclusion, we show that acute ethanol alters real-time dopamine dynamics in the mPFC
by reducing release and slowing clearance. While ethanol’s effects on dopamine release
appear to occur through actions in the VTA, its effects on clearance are variable and the
mechanism is yet unknown. Future studies can examine the roles of the NET and COMT in
ethanol-induced reductions in dopamine clearance in the mPFC, of vesicular loading and
autoreceptor regulation in the ethanol-induced inhibition of VTA-evoked dopamine release.
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Figure 1.
Effect of 4g/kg ethanol on (A) [DA]max and(B) T2 of VTA-evoked dopamine release

recorded in the mPFC of ethanol-naive rats. Arrows indicate time of ethanol or saline
injection. Ethanol group, n=7 rats; saline group, n=6 rats. * P<0.05 vs baseline and saline
pretreatment and # P<0.05 vs saline group.
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Figure 2.

Effect of 4g/kg ethanol on (A) [DA]max and (B) Ty, of VTA-evoked dopamine release
recorded in the mPFC of rats given intermittent ethanol exposure during adolescence.
Arrows indicate time of ethanol injection. Ethanol-exposed group, n=5 rats; vehicle-exposed
group, n=6 rats. Collapsed across group, * P<0.05 vs baseline and saline pretreatment and #
P<0.05 vs 5 min after injection.
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Figure 3.
Effect of cumulative doses of ethanol on VTA-evoked dopamine release and clearance

recorded in the mPFC of ethanol-naive rats. (A) Representation of cumulative doses of
ethanol on dopamine release and clearance evoked by stimulation of the VTA and recorded
in the mPFC of an individual rat is shown on the top. Voltammetric signals are presented
after saline and ethanol injections at cumulative doses 2 and 4g/kg. In color plots, applied
potential is indicated on the y-axis; time is indicated on the x-axis and current is expressed
in color. In the traces above the color plots, [DA] is plotted as function of time and red bars
indicate electrical stimulation delivered to the VTA. In the CVs (top right) obtained from the
peaks of dopamine release, current is plotted versus potential applied to the carbon-fiber
electrode. (B, C) Averaged (xSEM) effects of ethanol on [DA]max and T1/2. Ethanol group,
n=>5 rats; saline group, n=6 rats. #* P<0.05 vs baseline and saline pretreatment, respectively.
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Figure4.
Effect of VTA-infusion of ethanol on evoked dopamine release observed in the mPFC of an

individual rat. In color plots, applied potential is indicated on the y-axis; time is indicated on
the x-axis and current is expressed in color. In corresponding traces above the color plots,
[DA] is plotted as function of time and the red bars indicate electrical stimulation delivered
to the VTA. CVs of the peak dopamine signal are inset.
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Figureb.
Effect of ethanol locally applied to the VTA on [DA]nax 0f VTA-evoked dopamine in the

mMPFC. (A) [DA]max evoked at 5-min intervals before and after infusions of either ethanol or
PBS (arrows). (B) Data from Panels A are collapsed across time. * P<0.05 vs baseline for
ethanol group, # P<0.05 vs 20mM ethanol.
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