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Abstract

Background—Medial prefrontal cortex (mPFC) dysfunction is present in heavy alcohol
consumers. Dopamine signaling in mPFC is associated with executive functioning and affects
drinking behavior; however, direct measurement of extracellular mPFC dopamine during
appetitive and consummatory ethanol (EtOH) self-administration behavior has not been reported.

Methods—We used in vivo microdialysis in freely behaving, adult, male, Long Evans rats to
determine extracellular dopamine concentration in the mPFC during operant self-administration of
an EtOH-plus-sucrose or sucrose solution. The model separated appetitive/seeking from
consummatory phases of the operant session. Dopamine was also monitored in an untrained
handling control group, and dialysate EtOH was measured in the EtOH-drinking group.

Results—Home cage baseline dopamine was lower in rats that experienced a week of drinking
sweetened EtOH compared with sucrose-drinking and handling controls. Transfer into the operant
chamber and the initiation of consumption stimulated a relatively higher change in dopamine over
baseline in the sweetened EtOH group compared with sucrose and handling controls. However, all
groups show a dopamine response during transfer into the operant chamber, and the sucrose group
had a relatively higher change in dopamine over baseline during initiation of consumption
compared with handling controls. The time courses of dopamine and EtOH in the mPFC differ in
the EtOH-consuming rats.

Conclusions—Differences in extracellular mPFC dopamine between EtOH drinkers compared
with control groups suggest that mPFC dopamine is involved in the mechanism of operant self-
administration of sweetened EtOH and sucrose. Furthermore, the increase in dopamine during
consumption is consistent with a role of mPFC dopamine in reward prediction.
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Medial prefrontal cortex (mPFC) dysfunction, which is frequently noted in heavy alcohol
consumers, is associated with increased impulsivity and perseveration, as well as deficits in
executive functions (e.g., working memory, decision making, attention, goal-directed
behavior; Bechara and Damasio, 2002; Bechara and Van Der Linden, 2005; Chanraud et al.,
2007; Goldstein et al., 2004; Sullivan et al., 1993). Similarly, acute ethanol (EtOH) can also
disrupt working memory (Ralevski et al., 2012). When exposed to drug-related cues,
detoxified alcoholics showed significantly greater mPFC activation compared with controls
(Heinz et al., 2004). These findings suggest that EtOH use may be associated with enhanced
sensitivity to drug-related cues and decreased behavioral control due to compromised
prefrontal cortical function.

While the mechanisms by which EtOH alters mPFC function are unknown, EtOH-induced
changes in dopaminergic activity in the mPFC may be involved (Ding et al., 2014;
Trantham-Davidson et al., 2014; Tu et al., 2007). Altered dopaminergic signaling has been
shown to affect reinstatement of drug-seeking behaviors (Kehagia et al., 2010; McFarland et
al., 2004; Sinha, 2013); however, the relationship between mPFC dopamine and EtOH self-
administration behavior is still unclear. Recent studies show that EtOH increases
extracellular dopamine in the mPFC in naive rats after intravenous administration (Schier et
al., 2013), or a single microinjection of EtOH directly into the ventral tegmental area (Ding
et al., 2011), although earlier work suggested that EtOH administration had no effect
(Bassareo et al., 1996; Engleman et al., 2006; Hegarty and Vogel, 1993). Furthermore,
modulation of dopamine receptor signaling in the mPFC has been shown to change EtOH
self-administration behaviors (Ding et al., 2014; Hodge et al., 1996; Samson and Chappell,
2003), but due to the experimental designs used, it is unclear whether mPFC dopamine was
important for drug-seeking or consummatory behaviors.

Previous work indicated that EtOH-associated stimuli can increase extracellular dopamine in
the nucleus accumbens (NAC) during operant sweetened EtOH self-administration (Carrillo
and Gonzales, 2011; Doyon et al., 2005; Howard et al., 2009), and therefore, we
hypothesized that extracellular dopamine would also increase in the mPFC when an
experienced, nondependent, rat is exposed to drinking-associated stimuli. To test this, we
used microdialysis to monitor extracellular dopamine within the mPFC during an operant
self-administration session, in which rats drank a 10% sucrose plus 10% EtOH solution
(10S10E), a 10% sucrose-only solution (10S; to control for sucrose in the EtOH solution), or
no solution (handling; to control for experimenter handling and experience within the
operant chamber). Additionally, our operant self-administration sessions separated
anticipatory/seeking and consummatory behavioral phases. Thus, we monitored mPFC
dopamine concentrations affected by contextual cues during transfer into the drinking
environment (operant chamber) before exposure to stimuli experienced during the drink
period (taste, smell, and consumption).

Materials and Methods

Materials

Drinking solutions (10S: 10% sucrose [w/v] or 10S10E: 10% EtOH [v/v] in 10S) were made
from 95% EtOH (AAPER Alcohol and Chemical Co., Shelbyville, KY), ultra-pure sucrose
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(MP Biomedicals, LLC, Solon, OH), and distilled water. Carprofen (Pfizer, New York, NY)
and gentamicin (APP Pharmaceuticals, Schaumburg, IL) were used during surgery.

Final statistical analyses used 27 male, young adult, Long Evans rats from Charles River
Laboratories (Portage, Ml or Raleigh, NC; 200 to 225 g upon arrival). An additional 16 male
Long Evans rats were used for an independent replication study (see Supporting
information). Animals were maintained on a 12-hour light/dark schedule, at 23 £2°C, with
ad libitum food and water (except where noted); rats were weighed each day. All animal
procedures complied with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of the University of Texas at Austin.

After a week of habituation to the facility and experimenters, rats were anesthetized with
isoflurane (5% induction, 2.5% maintenance), and using stereotaxic equipment, a 21-gauge
guide cannula was surgically placed (Plastics One, Roanoke, VVA) above the left mPFC (mm
relative to Bregma and skull surface: +3.0 AP, +0.6 ML, —2.0 DV; Paxinos and Watson,
1986). Three skull screws and dental cement secured the cannula and a tether bolt to the
skull. We administered carprofen (5 mg/kg, subcutaneously) to minimize postsurgical
malaise, placed a dummy cannula into the cannula to prevent blockage, and monitored
weight and health over a 7-day recovery period prior to beginning operant training.

Self-Administration Training and Protocols

Groups—Rats were initially trained to lever-press for access to the 10S solution, and then 2
groups were formed, one that consumed increasing concentrations of EtOH (2 to 10% EtOH
[v/v] in 10S; Table 1), and a group that continued to drink 10S. The handling control group
was exposed to all the same procedures as the 10S10E and 10S groups (physical handling,
water deprivation during lever-press training, time in the operant chamber, tethering, and
dialysis), but they were not exposed to drinking solutions or operant training.

Lever-Press Training and Operant Protocol—A week after surgery, animals were
habituated to operant chambers (Med Associates, Inc., St. Albans, VT) and then trained to
lever-press for a 10S solution (10S10E and 10S groups only). Water deprivation (maximum
22 h/d) was used to expedite lever-press training. Animals typically learned to lever-press
within 3 training sessions (1 session per day), after which they regained ad libitum access to
water for the remainder of the experiment. Chambers were as previously described by
Howard and colleagues (2009). Briefly, chambers had a retractable lever, sipper tube bottle,
house light, cue light and lick-ometer circuit. Chambers were contained in sound-attenuating
boxes. Operant programs were run and data were collected using Med Associates software.

Once trained to lever-press, animals began an 8-session testing schedule during which a pre-
lever-press wait period was lengthened from 0 to 28 minutes, and the response requirement

was increased from 2 to 4 (Table 1). Following completion of the response requirement, the
sipper tube containing the drinking solution entered the chamber for 21 minutes, during
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which animals had ad libitum access to the drinking solution. No further responding was
required. For the 10S10E group, EtOH started at a 2% (v/v) concentration in 10% (w/v)
sucrose and gradually increased to 10% EtOH in 10% sucrose (10S10E) (Table 1). This
procedure is modified from the Samson (1986) sucrose fading procedure; however, we did
not fade sucrose out of the solution because we wanted to maximize EtOH consumption.
Sessions were run once a day, 4 to 6 days per week. Animals received a total of 3 to 4, but
never more than 2 sequential days off from training once the 8-session protocol began. The
handling control group completed the same procedures, except drinking solutions were not
available, and the lever was present, but pressing had no consequences. Solution
consumption was measured by the volume of solution before and after the drinking session
(to the nearest 0.25 ml, accounting for spillage), and pattern of consumption was monitored
using the lickometer.

Following the sixth operant session, a spring was attached to the tether bolt on the animal's
head and connected to a swivel suspended above the rat by a counterbalance lever arm. Rats
were tethered in their home cages (placed next to their operant chamber) during the seventh
operant session to facilitate habituation to the apparatus and environment. The tethering
apparatus did not interfere with the rats' abilities to move freely about their home cage or to
lever-press in the operant chamber.

Microdialysis

After the seventh operant session, rats were briefly anesthetized with isoflurane to implant
the laboratory-constructed microdialysis probe (3.25-mm active area, 13,000 MW cut off,
constructed similar to Pettit and Justice, 1991). Probes were perfused with artificial cerebral
spinal fluid (ACSF: 149 mM NacCl, 2.8 mM KCI, 1.2 mM CaCl,, 1.2 mM MgCly, 0.2 mM
ascorbic acid, and 5.4 mM D-glucose), at a 0.2 td/min flow rate overnight, and thento a 1.0
L 1/min flow rate at least 2 hours prior to dialysis sampling. For the 10S10E group, 2
samples before the lever extended into the chamber and all samples after were evaluated for
EtOH concentration (described below). The dialysis samples were immediately frozen on
dry ice and stored at —80°C until dopamine analysis.

Experimental Timeline

Microdialysis samples were manually collected every 7 minutes before and during the eighth
operant session (Fig. 1). Four baseline samples were taken in the home cage. During the last
minute of the fourth baseline sample, the rat was transferred into the operant chamber. The
operant program began with turning on the house light and sound-attenuating fan, and the
sample collection vial was changed to the first wait period sample. Four wait period samples
were taken. The time it took the rat to meet the response requirement of 4 lever presses was
collapsed into the last wait period sample. The wait/lever-press sample was changed to the
first drink sample as the drinking bottle entered the chamber. Three samples were taken
during the drink period, after which the bottle retracted and the house light turned off. Then,
3 samples were taken during the postdrink period. The rat was then returned to its home
cage, and the ACSF was changed to calcium-free ACSF. Approximately 1.5 hours later, 2
additional calcium-free samples were taken.
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Dopamine Analysis

We evaluated the dopamine concentration in all samples using reverse-phase high
performance liquid chromatography with electrochemical detection. All samples were run
with accompanying external standards (0.03125 to 1.0 nM dopamine). Samples and
standards were run using a 8125 manual injector (Rheodyne, Cotati, CA), a Luna 50 x 1.0
mm (C18, 3 micron particle size; Phenomenex, Torrance, CA) or Haisil 100 50 x 0.5 mm
column (C18, 3 micron particle size; Higgins Analytical Inc., Mountain View, CA), and a
2mm glassy carbon working electrode (SenCell or VT03 with ISAAC reference electrode;
Antec Leyden, Zoeterwoude, the Netherlands) at potential +345 or +395 mV. Mobile phase
aqueous solution consisted of approximately 2.1 mM octanesulfonic acid, 0.04 to 0.3 mM
decanesulfonic acid (adjusted to optimize chromatography), 0.34 mM
ethylenedianimetetraacetic acid, 71 mM sodium phosphate monobasic dihydrate, and 60
mM potassium chloride, adjusted to 5.60 pH with 1 M sodium hydroxide. Prior to use, 150
ml/l of methanol was added and the mobile phase solution was sparged with helium. Mobile
phase flow rates ranged from 0.1 to 0.12 ml/min for 50 x 1.0 mm columns, and 0.025 to
0.032 ml/min for 50 x 0.5 mm columns. Four to 5.5 /4 of dialysate was mixed with 1 to 3 /4
of ascorbate oxidase (EC 1.10.3.3; 102.3 U/mg) prior to injecting 5 /4 of the mixture into the
system. The amount of ascorbate oxidase was adjusted to optimize dopamine detection.
EZChrome Elite software (Agilent Technologies, Wilmington, DE) was used for
chromatogram acquisition and peak integration. The dopamine signal was required to be at
least 3 times greater than the background noise. See Supporting information for details
regarding the dopamine analyses for the independent replication study.

Ethanol Analysis

Samples were analyzed for EtOH concentration on the day they were collected (Schier et al.,
2012). Briefly, 1 /4 aliquots of dialysate or external standards (0.3125 to 20 mM EtOH) were
sealed in 2-ml glass vials, heated in an autosampler tray (50 to 65°C), and analyzed for
EtOH content by a gas chromatograph with flame ionization detection.

Histological Analysis

Within 3 days of dialysis, animals were overdosed with sodium pentobarbital (150 mg/kg,
intraperitoneal) and perfused through the heart with saline and 10% formalin in saline prior
to brain extraction. Brains were fixed with 10% formalin in saline, coronally sectioned (100
um thick), and stained with cresyl violet for verification of the microdialysis probe
placement (Paxinos et al., 1998).

Exclusion Criteria

For inclusion of rats in data analysis, dopamine concentrations in home cage baseline
samples were required to have a relative standard deviation < 0.25. We also required a 40%
decrease in dopamine concentration in calcium-free ACSF samples compared with basal
ACSF samples to verify that dopamine release was exocytotic. Rats were required to acquire
the lever-press behavior within 6 training sessions, complete the lever-press requirement on
the day of dialysis, and the 10S10E group was required to consume at least 0.8 g/kg on the
day of dialysis. Finally, rats were excluded if technical errors resulted in loss of critical
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dopamine samples (before and after transfer into the operant chamber, or initiation of
drinking).

Statistical Analysis

Raw dopamine concentrations (nM) were analyzed using repeated measures analysis of
variance (ANOVA) with group (10S10E, 10S, and handling) as between-subjects factor, and
time (14 time points: 4 home cage baseline, 4 wait period, 6 drink and postdrink) as within-
subjects repeated factor. Post hoc analyses (using pooled error and Bonferroni corrections)
separated the experiment into 3 phases: home cage baseline, wait period, and drink/
postdrink. Specifically, when significant interactions between main effects were observed for
the overall experiment, simple effects analyses were performed to determine the source of
the significant interaction. As significant group differences occurred in raw dopamine
concentrations during the home cage baseline (see Results; Fig. 2), we also analyzed
dopamine expressed as a percentage of home cage baseline levels (% BL). Behavioral data
were analyzed using independent-samples £tests; except licks separated into 7-minute bins
were analyzed with repeated measures ANOVA with group (10S10E and 10S) as between-
subjects factor, and bin as within-sub-jects factor. Data were analyzed using SPSS software
(IBM, Chicago, IL). Significance was assigned if p < 0.05; ns = not significant.

Results

Consumption During Operant Self-Administration Sessions

EtOH and sucrose consumption data for the 8 operant sessions are represented in Table 1. In
the group consuming sweetened EtOH, rats increased their EtOH intake over the 8 sessions
and consumed at least 1 g/kg during the 4 sessions prior to microdialysis.

Overall Analysis of Raw Dopamine Concentrations and Home Cage Baseline

In general, dopamine concentrations in both the 10S10E and 10S groups peaked once during
the first wait period time point, and again during the first drink period time point. In contrast,
dopamine in the handling group only peaked during the first wait period time point and
remained at baseline levels during the drink and postdrink periods. Comparison of overall
raw dopamine concentrations across the entire experiment (Fig. 2) resulted in significant
main effects of time, A13, 306) = 11.9, p< 0.001, and a group-by-time interaction, /26,
306) = 3.0, p< 0.001. Post hoc analyses of the significant group-by-time interaction
separated the experiment into the 3 phases: home cage baseline, wait period, and drink/
postdrink.

Significant group differences occurred in raw dopamine concentrations during the home
cage baseline (Fig. 2), A2, 33) = 12.1, p< 0.001. Following up on the main effect of group,
an ANOVA revealed that the 10S10E group exhibited significantly lower baseline dopamine
concentrations compared with both the 10S, A1, 33) = 20.9, p< 0.05, and handling groups,
A1, 32) =14.8, p< 0.05, while no difference occurred between 10S and handling groups. A
separate experiment utilizing the same experimental protocol also found that 10S10E
animals show significantly lower baseline dopamine concentrations in the PFC compared
with 10S controls, £14) = 1.76, p< 0.05 (Fig. S1).
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Raw Dopamine Concentrations and Lever-Press Behavior During the Wait Period

After collecting the home cage baseline samples, the rats were transferred into the operant
chamber and the program was started. During the wait period (Fig. 2), dopamine
concentrations significantly differed between groups, A2, 33) = 6.3, p< 0.01, and changed
over time, A3, 306) = 12.5, p< 0.001, but there was not a group-by-time interaction (ns).
Post hoc analyses on the main effect of group during the wait period showed that dopamine
in the 10S10E group significantly differed from both the 10S, A1, 33) = 10.1, p< 0.05, and
handling groups, A1, 33) = 8.6, p< 0.05. Dopamine concentrations were similar between
10S and handling groups during the wait period. Analysis of the change in dopamine during
the wait period collapsed across all groups showed that dopamine concentrations peaked
during the first wait period time point and then decreased back toward baseline levels (first
sample differed from samples 2 to 4, p< 0.05).

At the end of the wait period, the lever was presented to all groups. 10S10E and 10S groups
were required to press the lever 4 times for access to the drinking solution. The 10S10E
group began lever-pressing significantly sooner than the 10S group after lever presentation,
{(16) =-2.3, p <0.05, yet both groups showed similar lever-press rates, f{(16)= 1.1, ns, and
similar time to complete the lever-press requirement, £(16) =0.1, ns (Table 2). The time
taken to complete the lever presses was accounted for in the final wait period dialysis
sample, making that sampling period variable (7 minutes 3 seconds to 10 minutes 4
seconds).

Drinking Behavior and Raw Dopamine Concentrations During the Drink and Postdrink

Periods

Once the response requirement was completed, the lever retracted and the bottle entered the
chamber, at which time the dialysis sample was changed and the drink period began. The
10S10E and 10S groups showed similar latency to drink, rate of licking during the first
drinking bout, and total number of drinking bouts (Table 2), bout defined as a minimum of
25 licks without a 2-minute break; #(16) = 1.5, 1.6, and —-0.7, respectively, ns. The 10S10E
group drank significantly less solution, had significantly fewer licks overall and during the
first bout, and had a significantly shorter first bout compared with the 10S group (Table 2),
1(16) =-4.7, 4.2, -3.9, and —3.1, respectively, p <0.01. When licks were binned per 7
minutes, the 10S10E group had significantly fewer licks during the first 2 bins compared
with the 10S group, but both groups had similar licks during the third bin (Fig. 3), group-by-
time interaction A2, 32)=12.4, p<0.001; bin 1: A1, 32)=45.4, p< 0.05; bin 2: F(1, 32) =
13.0, p<0.01; bin 3: A1, 32) = 0.1, ns. On dialysis day, the 10S10E group consumed 1.7
+0.1 g/kg EtOH during the drink period (Table 1).

During the drink and postdrink periods (Fig. 2), dopamine concentrations significantly
differed between groups, A2, 33) = 6.9, p< 0.01, and changed over time, A5, 306) =9.4, p
< 0.001. Following up on the main effect of group, a post hoc ANOVA revealed that
dopamine in the 10S10E group significantly differed from the 10S group, A1, 33) =11.4, p
< 0.05, but not the handling group (ns). Dopamine concentrations were also significantly
different between 10S and handling groups, A1, 33) = 9.2, p< 0.05. Because there was not a
significant group-by-time interaction in the overall LANOVA conducted on the drink and
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postdrink periods, the groups were collapsed to analyze the change in dopamine over time
during the experimental periods. These analyses revealed that dopamine concentrations
peaked during the first drink period time point, and then decreased back toward baseline
levels (first drink sample differed from drink sample 3 and postdrink samples 1 to 3, p <
0.05).

Dopamine Concentration as a Percentage of Home Cage Baseline Levels

Due to significant group differences in raw dopamine concentrations during the home cage
baseline (results above; Fig. 2), we also analyzed dopamine expressed as % BL (Fig. 4). In
general, analysis of raw and % BL dopamine resulted in similar conclusions; therefore, with
% BL analysis, we mainly describe differences compared to that obtained with raw
dopamine concentrations. For example, analysis of all 10 time points within the operant
chamber (wait period, drink, and postdrink) revealed a significant main effect of group, A2,
24) = 7.7, p<0.01, in addition to significant time and group-by-time effects seen with the
raw concentration analysis. Simple effects analyses between groups showed that each group
significantly differs from one another: 10S10E versus 10S, A1, 63) = 44.7, p< 0.001;
10S10E versus handling, A1, 63) = 85.0, p< 0.001; and 10S versus handling, A1, 63) = 6.4,
p<0.05.

Following up on these simple effects analyses, we identified where significant group
differences occurred within each experimental phase. During the wait period, the % BL
analysis revealed similar results compared to raw dopamine concentrations. During the drink
and post drink periods, the % BL analysis also revealed similar results compared to raw
dopamine concentrations, with a significant main effect of group and significant interaction
of group by time. However, post hoc analyses following up on the main effect of group also
indicated significant differences between 10S10E and handling groups, A1, 30) =81.2, p
<0.05, which was not observed in the analyses on the raw basal dopamine concentrations.
Subsequent simple effects analysis of the group-by-time interaction showed that dopamine
concentrations in the 10S10E group differed from the 10S group during the first drink time
point, A1, 30) = 7.7, p< 0.05, and differed from the handling group during all 3 drink and
the first post-drink time points (p < 0.05). Dopamine concentrations in the 10S group only
differed from the handling group during the first drink time point, A1, 30) = 8.5, p< 0.05.

Dialysate Ethanol Concentrations During and After the Drink Period

At the initiation of drinking, dialysate EtOH was lowest and then increased throughout the
drink and postdrink period to peak at 5.2 £0.8 mM EtOH (Fig. 5). Dialysate EtOH
concentrations are not corrected with an in vivo extraction fraction, and are therefore lower
than true tissue EtOH concentrations.

Histology, Body Weight, and Calcium-Dependent Dopamine Concentration

Histologies showed that the percent of probe active area within the infralimbic and prelimbic
regions was not significantly different between groups (Fig. 6), A2, 24) = 2.1, ns. Probe
active area was required to be at least 50% in the infralimbic and prelimbic regions of the
mPFC. 10S10E, 10S, and handling groups were 76 +3, 66 +5, and 65 +5% within these
regions, respectively. Body weights on the day of dialysis were not significantly different
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between groups, A2, 24)=2.7, ns; range 337 to 477 g. Calcium-dependent dopamine release
was confirmed by a minimum 40% dialysate dopamine concentration decrease when
calcium-free ACSF was perfused through the probe. 10S10E, 10S, and handling groups
showed an average of 67 £3, 57 4, and 61 £5% decrease in dopamine in calcium-free
ACSF samples compared with concentrations at the conclusion of the operant session,
respectively.

Discussion

This is the first report of changes in mPFC extracellular dopamine during operant self-
administration of sweetened EtOH. Dopamine concentrations during the home cage baseline
were lower in the mPFC of rats that had experienced about a week of drinking sweetened
EtOH versus sucrose-drinking and handling controls. Upon transfer into the operant
chamber, dopamine increased to a greater degree relative to baseline in the mPFC of the
sweetened EtOH group compared with sucrose and handling controls; however, all groups
showed a dopamine response during the transfer. At the start of the drink period,
extracellular dopamine increased in the PFC in both the 10S10E and 10S groups, and the
magnitude of this effect relative to baseline was greater in the 10S10E group. Overall, we
used a behaviorally relevant operant model and show differences in mPFC dopamine
concentrations that are unique to rats drinking sweetened EtOH.

Compared with animals in the control groups, rats that had self-administered a sweetened
EtOH solution for about a week demonstrated significantly lower basal dopamine
concentrations in the mPFC. The reliability of this effect is demonstrated by our own
independent replication (Supporting information). No baseline mPFC dopamine differences
occurred between sucrose-experienced and handling control groups, which highlight the
specificity of EtOH experience on mPFC baseline dopamine levels. We speculate that this
limited voluntary EtOH-drinking experience may be sufficient to induce synaptic
adaptations that alter the regulation of basal extracellular dopamine concentrations in the
mPFC, and raises the possibility that lower mPFC dopamine concentration contributes to
EtOH-related seeking or drinking behaviors. In the present studies, rats consumed on
average 1 to 1.3 g/kg in the 4 sessions prior to the microdialysis session. At these doses, it is
unlikely that basal dopamine levels were influenced by the aversive, lingering effects of
alcohol intoxication during the microdialysis sessions. Previous work has demonstrated that
with high doses of acute EtOH (3 or 4 g/kg), rats show conditioned place aversion 10 hours
post-EtOH administration, but this behavior is not observed with lower doses (2 g/kg; Morse
et al., 2000). Furthermore, we did not observe a relationship between EtOH intake on the
day prior to microdialysis and basal mPFC dopamine concentrations (data not shown). This
supports our argument that the observed reduction in basal mMPFC dopamine concentrations
in the EtOH-experienced animals is related to repeated self-administration of intoxicating
doses of EtOH and not to the lingering effects of the dose consumed the day prior to
microdialysis.

Consistent with the suggestion of EtOH-specific effects on basal PFC dopamine, Engleman
and colleagues (2006) reported lower basal dopamine concentrations in mPFC of naive
alcohol-preferring “P” rats compared with the outbred Wistar strain. However, not all
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alcohol-preferring strains of rats demonstrate reduced basal dopamine activity in the mPFC
relative to controls. For example, Leggio and colleagues (2003) demonstrated higher basal
dopamine content in the mPFC of Sardinian alcohol-preferring (sP) rats compared with
Wistar control rats. Furthermore, we did not observe baseline dopamine differences in the
NAC between EtOH-experienced rats and controls using similar procedures (Doyon et al.,
2005; Howard et al., 2009). This clear contrast between mPFC and NAC suggests that low
tonic basal dopamine concentrations selectively in the mPFC might be important for operant
self-administration of EtOH.

Differences between EtOH and sucrose-drinking groups and handling controls were noted in
the dopamine response during transfer from the home cage into the operant chamber. Rats in
all 3 groups exhibited peak increases in mPFC dopamine when transferred into the operant
chamber, and the largest increase in dopamine relative to baseline occurred in the 10S10E
group. In contrast, we did not observe a difference between sucrose and handling groups.
Across all groups, we attribute some of the dopamine increase to the physical handling of
the rat and environment change. Physical handling increases extracellular dopamine in the
mPFC, as does transfer into a novel environment (Feenstra and Botterblom, 1996; Feenstra
etal., 1998, 2000). While the operant chamber environment was not novel, it was an
environment change. In both EtOH and sucrose groups, transfer into the operant chamber
exposed the rats to reward-associated contextual cues that could have contributed to the
observed stimulation of mPFC dopamine. The present data, along with previous studies of
the NAC (Doyon et al., 2005; Howard et al., 2009), suggest that both regions respond to
EtOH-associated contextual stimuli with significant increases in extracellular dopamine
relative to baseline compared with sucrose controls. Therefore, dopamine may be acting in
the mPFC and NAC to stimulate EtOH-seeking behavior in response to EtOH-associated
stimuli.

Our data clearly show that dopamine activity is enhanced in the mPFC during operant self-
administration of sweetened EtOH or sucrose alone. As both solutions are rewarding and can
act as reinforcers, the current work provides novel data to support the reward prediction role
of mPFC dopamine, as has been found for the NAC (Carrillo and Gonzales, 2011; Day et al.,
2007; Doyon et al., 2003, 2005, 2006; Howard et al., 2009; Stuber et al., 2008). The original
reward prediction theory arose, in part, from experimental findings of single unit recording
of presumed dopamine cell activity in the midbrain (Schultz et al., 1997). However, single
unit recording in the midbrain does not allow conclusions about where dopamine release
occurs in response to cues that predict reward. Recent work measuring changes in dopamine
release in the NAC has added strong support for the role of dopamine as a reward prediction
signal (Brown et al., 2011; Day et al., 2007; Hart et al., 2015; Stuber et al., 2008; Wassum et
al., 2012). The current work using microdialysis of dopamine in the mPFC is also consistent
with the idea that dopamine release may also act as a reward prediction signal similar to that
in the NAC, at least in a qualitative manner. This was possible through the use of
microdialysis followed by chromatographic separation of dopamine from other biogenic
amines found in the mPFC. The time course of the dopamine signals in our microdialysis
work is much longer (7 minutes) than observed with single unit recording or fast-scan cyclic
voltammetry methods in which the reward signals are observed within 10 seconds.
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We present our dopamine microdialysis data in 2 forms: raw dialysate concentration and
percent of home cage baseline. In general, the results and interpretations are similar for both
analyses across the different phases of the experiment. However, there are minor, but critical
differences that should be noted. Specifically, the net increase in concentration of dopamine
is similar in the EtOH and sucrose groups during the initiation of drinking when analyzed as
raw concentration data, but the EtOH group shows a significantly greater increase as a
percent of baseline. This is due to lower baseline concentrations in the EtOH group. The
biological significance of either way of looking at this dopamine response is not clear, and
both could be important. It has been suggested that dopamine signaling in the mPFC has an
optimal level and increases or decreases from this level contribute to cognitive deficits
(Cools and D'Esposito, 2011; Floresco and Magyar, 2006). However, without assessing the
functional consequences of reduced basal dopamine concentrations in the mPFC of our
animals, we cannot make assumptions about the implications of our findings on cognition.

In conclusion, we present novel data using a behaviorally relevant model that within the
mPFC, the amount of extracellular dopamine is significantly different in rats that drink
sweetened EtOH, compared to sucrose and handling controls. Rats trained to drink
sweetened EtOH not only demonstrated reduced basal mPFC dopamine concentrations, but
also exhibited a different dopamine response in anticipation of the drinking event and once
consumption was initiated. Compared to previous reports on the NAC, our results also
highlight important regional differences in the dopamine response to EtOH or EtOH-
associated cues that are specific to the mPFC. Thus, our current data provides a critical
foundation for future studies that may help identify mechanisms behind compromised
prefrontal cortical executive function that are frequently observed in heavy alcohol
consumers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Time course of the operant self-administration session. On the eighth day of operant testing,
consecutive 7-minute dialysis samples were taken during all behavioral phases except for the
final wait period sample which was variable due to the bar-press period. Figure adapted from

Schier and colleagues (2013).
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Fig. 2.

Di%\lysate dopamine concentrations in medial prefrontal cortex (mPFC) during home cage
baseline, wait, drink and postdrink periods for the sucrose and handling controls along with
rats trained to drink 10S10E. For clarity, only group comparisons are shown on the figure as
follows. *Significant difference between the 10S10E group compared with either the 10S or
handling groups during the baseline and wait periods. #Drink and postdrink period
dopamine concentrations were significantly different in 10S compared with either the
10S10E or handling groups. Not indicated in the figure are significant increases in dopamine
at the first sample during the wait period compared with the remaining samples. Similarly,
there was a significant increase in dopamine during the first drink sample compared with the
remaining drink and postdrink samples. Overall significant main effects of time and a group-
by-time interaction occurred. Data represented as mean £SEM for most points, but selected
error bars are omitted for clarity (n=9 for each group). 10S10E = 10% sucrose + 10%
ethanol, 10S = 10% sucrose.
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Licks in 7-minute bins. *Significant difference in licks between 10S10E (7 =9; 10% sucrose
+ 10% ethanol) and 10S (17 =9; 10% sucrose) groups. Data represented as mean £SEM.
10S10E = 10% sucrose + 10% ethanol, 10S = 10% sucrose.
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Medial prefrontal cortex dopamine relative to home cage baseline during home cage
baseline, wait, drink and postdrink periods. The data shown in Fig. 2 were transformed to
percent of home cage baseline. For clarity, only group comparisons are shown on the figure
as follows. *Significant difference between the 10S10E group compared with either the 10S
or handling groups during the wait period. #Drink and postdrink period dopamine responses
above baseline were significantly different in each group compared with the other 2 groups.
Overall, significant main effects of time, group, and a group-by-time interaction occurred.
Data represented as mean +SEM for most points, but selected error bars are omitted for
clarity (n =9 for each group). 10S10E = 10% sucrose + 10% ethanol, 10S = 10% sucrose.
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Fig. 5.

Dgpamine and ethanol (EtOH) concentrations in medial prefrontal cortex (mPFC) during the
drink and postdrink periods in the 10S10E group. Left y-axis shows the dialysate EtOH
concentrations (circles). Right y-axis shows the percent change in mPFC dopamine
concentration during the drink and postdrink periods relative to home cage baseline
(squares, same data shown in Fig. 3). The bottle retracted from the chamber after the third
sample. Data represented as mean +SEM (77 =9). 10S10E = 10% sucrose + 10% ethanol.
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Fig. 6.

M?crodialysis probe placements within the medial prefrontal cortex. Coronal slices 2.7, 3.2,
and 3.7 mm from bregma showing microdialysis probe placements for all experimental
groups. Lines represent 3.25 mm active dialysis area. 10S10E = 10% sucrose + 10% ethanol,
10S = 10% sucrose. Histology figure adapted from Paxinos and colleagues (1998).
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Table 2
Behavioral Parameters During Microdialysis Session
Parameter 10S10E group  10Sgroup
Time to complete presses (seconds) 24 +16 25+32
Latency to press (seconds) 70+38% 18.3£3.2
Latency to drink (seconds) 6.1+22 28+0.2
Length of first bout (minutes) 49+03% 8.4+1.1

Licks in first bout

1239+80F 24784310

First bout lick rate (licks/min) 259+21 305+20
Solution consumed (ml) 88+077 13.8+0.9
Total licks 1,503 + 100 * 2,704 + 265
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*
Significant difference (p < 0.05) between ethanol-plus-sucrose solution-consuming (10S10E) and sucrose solution-consuming (10S) groups. Data
represented as mean +SEM.
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