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Alcohol is the most commonly abused substance among adolescents, promoting the development of substance use disorders and com-
promised decision-making in adulthood. We have previously demonstrated, with a preclinical model in rodents, that adolescent alcohol
use results in adult risk-taking behavior that positively correlates with phasic dopamine transmission in response to risky options, but the
underlying mechanisms remain unknown. Here, we show that adolescent alcohol use may produce maladaptive decision-making
through a disruption in dopamine network dynamics via increased GABAergic transmission within the ventral tegmental area (VTA).
Indeed, we find that increased phasic dopamine signaling after adolescent alcohol use is attributable to a midbrain circuit, including the
input from the pedunculopontine tegmentum to the VTA. Moreover, we demonstrate that VTA dopamine neurons from adult rats exhibit
enhanced IPSCs after adolescent alcohol exposure corresponding to decreased basal dopamine levels in adulthood that negatively
correlate with risk-taking. Building on these findings, we develop a model where increased inhibitory tone on dopamine neurons leads to
a persistent decrease in tonic dopamine levels and results in a potentiation of stimulus-evoked phasic dopamine release that may drive
risky choice behavior. Based on this model, we take a pharmacological approach to the reversal of risk-taking behavior through normal-
ization of this pattern in dopamine transmission. These results isolate the underlying circuitry involved in alcohol-induced maladaptive
decision-making and identify a novel therapeutic target.
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Introduction
Adolescent alcohol use is increasingly recognized as a major pub-
lic health concern due to findings implicating age of alcohol use

onset in the development of alcohol use disorders and decision-
making deficits in adulthood (Grant et al., 1997; Stout et al.,
2005). Indeed, age of onset in alcohol use increases the risk for
subsequent substance use disorders by 10% each year (Grant et
al., 2001) and 27% of 13-year-olds report consuming alcohol
(Johnston et al., 2014). Adolescence is a critical period of brainReceived Dec. 8, 2015; revised Feb. 23, 2016; accepted Feb. 25, 2016.
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Significance Statement

One of the primary problems resulting from chronic alcohol use is persistent, maladaptive decision-making that is associated with
ongoing addiction vulnerability and relapse. Indeed, studies with the Iowa Gambling Task, a standard measure of risk-based
decision-making, have reliably shown that alcohol-dependent individuals make riskier, more maladaptive choices than nonde-
pendent individuals, even after periods of prolonged abstinence. Using a preclinical model, in the current work, we identify a
selective disruption in dopamine network dynamics that may promote maladaptive decision-making after chronic adolescent
alcohol use and demonstrate its pharmacological reversal in adulthood. Together, these results highlight a novel neural mecha-
nism underlying heightened risk-taking behavior in alcohol-dependent individuals and provide a potential therapeutic target for
further investigation.
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development characterized by maturation of brain regions impli-
cated in reward and decision-making (Spear, 2000). Specifically,
the mesolimbic dopamine system undergoes profound develop-
ment during the adolescent time window (Marinelli and Mc-
Cutcheon, 2014) and therefore may be uniquely vulnerable to
environmental insults, such as alcohol exposure (Chambers et al.,
2003). Dopamine signaling in this system, particularly phasic do-
pamine transmission in the nucleus accumbens core (NAcc), is
implicated in reward learning (Flagel et al., 2011), substance
abuse (Phillips et al., 2003), and decision-making under risk (St
Onge and Floresco, 2009; Nasrallah et al., 2011; Sugam et al.,
2012; Stopper et al., 2013; Stopper et al., 2014).

In support of the association between early-life alcohol use
and perturbation to dopamine-mediated behaviors, a recent
IMAGEN study demonstrated that high levels of adolescent
drinking are associated with novelty-seeking behavior (Whelan et
al., 2014). Similarly, data from the Iowa Gambling Task (IGT), a
standard measure of risk-based decision-making, demonstrated
that alcohol-dependent individuals make riskier, more maladap-
tive choices compared with nondependent individuals (Brevers
et al., 2014). Importantly, it has been suggested that such deficits
in decision-making may represent a vulnerability to addictive
disorders (Redish et al., 2008). Mirroring the pattern shown with
the IGT, we have demonstrated preclinically that voluntary alco-
hol consumption during adolescence promotes maladaptive risk-
taking behavior on a probability-discounting task in adulthood
(Nasrallah et al., 2011; Clark et al., 2012; Schindler et al.,
2014). In addition, we have established a neural correlate of
risk within the NAcc where phasic dopamine release in re-
sponse to risky options is increased by alcohol exposure (Nas-
rallah et al., 2011). We have further demonstrated that
adolescent alcohol intake potentiates stimulus-evoked phasic
NAcc dopamine release and biases rats toward a dopamine-
dependent incentive learning strategy (Spoelder et al., 2015).
Therefore, an appealing theoretical approach is to link devel-
opmental perturbations in dopamine signaling with maladap-
tive decision-making and addiction vulnerability, but the
underlying circuits, mechanisms, and therapeutic targets that
these may engender remain poorly understood.

Here we use a multifaceted approach, including fast-scan cy-
clic voltammetry (FSCV), slice electrophysiology, microdialysis,
and behavioral pharmacology to address these questions. We
demonstrate that midbrain circuitry is compromised by early-life
alcohol exposure, featuring a persistent potentiation of input to
the mesolimbic dopamine system from the pedunculopontine
tegmentum (PPT), a key cortical relay important to decision-
making under risk (Leblond et al., 2014; Stopper et al., 2014).
Further, we show that tonic dopamine levels are decreased fol-
lowing adolescent alcohol exposure and negatively correlate with
a rat’s previous risk-taking behavior. Likewise, the electrophysi-
ological excitability of VTA dopamine neurons is decreased, and
we postulate that increased inhibitory tone following adolescent
alcohol intake potentially drives the increased phasic dopamine
transmission in adulthood through a disinhibitory mechanism
(Lobb et al., 2011a, b; Paladini and Roeper, 2014; Oster et al.,
2015). These results provide evidence for a model where chronic
drug/alcohol use may persistently decrease VTA dopamine
neuronal activity and tonic dopamine levels in the striatum, re-
flecting an enduring negative affective state, while in parallel in-
creasing phasic dopamine responses to salient drug-related
stimuli that may drive relapse and continued drug abuse (Robin-
son and Berridge, 2003; Wanat et al., 2009; Koob, 2013). Based on
these findings, we used a selective GABA(A) receptor allosteric

agonist, which attenuated the increase in phasic dopamine trans-
mission and mitigated the maladaptive risk-taking behavior seen
following adolescent alcohol intake, highlighting a potential new
therapeutic for further investigation.

Materials and Methods
Animals and housing. Male Sprague Dawley rats (Charles River) aged
PND 27 at the start of experiments were housed on a 12 h light/dark cycle
(lights on at 06:00) individually in polycarbonate tubs. Chow and water
were available ad libitum, except as noted. All procedures were approved
by the University of Washington Institutional Animal Care and Use
Committee. Some rats (n � 18), representing the in vivo voltammetry
dataset, were used in a previous study for separate analyses (Clark et al.,
2012).

Alcohol preparation, administration, and withdrawal. Alcohol (alcohol
gel) was presented to adolescent rats in a gel matrix consisting of distilled
water, Knox gelatin, Polycose (10%), and ethanol (10%). Control gels
had ethanol replaced with distilled water. Preparation was as previously
described (Schindler et al., 2014). Rats had access to gels 24 h/d, with
fresh gel-containing jars presented every day. Intake levels were moni-
tored daily and expressed in g/kg of body weight using individual gel
consumption and body weights measured daily. Experiments began with
3 d of preexposure to control gel. Subsequently, rats were split into eth-
anol gel and control gel groups matched by weight and baseline intake.
The 20 d (PND 30 – 49) of 24 h/d gel exposure followed. Predetermined
intake exclusion criteria included rats that failed to consume gel during
the control gel preexposure period, exhibited 3 consecutive days of no
consumption, or exhibited excessive (�25% of days) burying of gel in
bedding once the ethanol-gel exposure began. Ethanol gel intake aver-
aged 9.0 � 1.2 g/kg/d. Weight gain did not differ between control and
ethanol rats over the 20 d of gel exposure (two-way repeated-measures
ANOVA: gel treatment � time in days: F(19,1463) � 0.2, p � 0.05). Upon
completion of the 20 d exposure, gel access for all groups was discontin-
ued, and rats were monitored daily for withdrawal symptoms for the
following 20 d. No overt signs of withdrawal were observed.

Nonsurvival voltammetry surgeries. Starting 20 days after withdrawal,
as previously described (Wanat et al., 2013), rats were anesthetized with
1.5 g/kg urethane (i.p.) and carbon-fiber electrodes targeting the NAc
core (relative to bregma: 1.3 mm anterior, 1.3 mm lateral, 6.8 –7.2 mm
ventral) and an Ag/AgCl reference electrode were chronically implanted.
Additional holes were drilled above the PPT (relative to bregma: 8.0 mm
posterior, 2.0 mm lateral) and medial forebrain bundle (MFB) (relative
to bregma: 4.6 mm anterior, 0.5 mm lateral) for stimulating electrodes.

Voltammetry recording sessions. As previously described (Wanat et al.,
2013), a triangle waveform was applied to the carbon fiber, which was
ramped from �0.4 V to 1.3 V and back (vs Ag/AgCl) at a rate of 400 V/s
and a frequency of 10 Hz (held at �0.4 V between scans). Dopamine
release was evoked by electrical stimulation (60 pulses delivered at 60 Hz,
200 �A) via a bipolar stimulating electrode that was incrementally low-
ered into either the PPT or MFB. For all studies, stimulations were per-
formed every 5 min.

Input/output experiments. Once maximum stimulated dopamine re-
lease was achieved, stimulation current was varied from 25 to 400 �A (60
pulses, 60 Hz). Next, stimulation pulse number was varied from 60 to 3
pulses (400 �A, 60 Hz). Finally, stimulation frequency was varied from
60 to 5 Hz (200 �A, 30 pulses). Stimulations were performed every 5 min.

Pharmacology experiments. Once maximum stimulated dopamine re-
lease was achieved, stimulations were performed every 5 min at 60 pulses,
60 Hz, and 200 �A until a stable baseline was reached (�10% deviation
from the mean peak response of dopamine between 4 stimulations; i.e.,
20 min of stimulations). Once a stable baseline was achieved, vehicle
(35% 2-hydroxypropyl)-�-cyclodextrin (Sigma-Aldrich) or the selective
GABA(A) receptor subunit 2, 3, and 5 allosteric agonist (L-838,417; 3 or
10 mg/kg, i.p.; Tocris Bioscience) was injected and stimulations contin-
ued for at least 40 min.

Behavioral experiments
Instrumental training. Following �20 d of withdrawal, rats began food
restriction to �90% of their free-feeding body weight. To reduce neo-
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phobia, rats were first exposed to 45 mg sucrose pellets (Bio-Serve) in
their home cage. Next, rats underwent magazine training (10 sucrose
pellets in 15 min) in a standard operant chamber (Med Associates), lever
press training (instrumental FR1 schedule for single sucrose pellets on
two separate levers; predetermined criterion of �24 level presses of 30
trials), and were finally autoshaped over the course of the next 4 d.

Probability-discounting task. Following autoshaping, rats were tested
on an instrumental response task as previously described (Schindler et
al., 2014). Briefly, each rat was assigned one of two response levers (coun-
terbalanced across groups) as the certain lever (certain delivery, 1.00, of
two sucrose pellets) and the other as the risky lever (probabilistic deliv-
ery, 1.00, 0.75, 0.50, 0.25, or 0.00, of four sucrose pellets). Daily sessions
consisted of 24 forced trials followed by 24 free choice trials. A 45 s
intertrial interval was used, and failure to respond correctly within 10 s
resulted in trial termination and return to the chamber intertrial interval
state. All trials were cued with illumination of a light in the food tray,
prompting the rat to make a nose-poke in the tray within 10 s. Following
successful nose-poke, each forced trial consisted of the extension of a
single lever, with a lever press resulting in illumination of the tray light
and reward delivery based on the associated probability of that lever for
that day (one probability per day, 5 d total). These forced choice sessions
served to expose the rat to each lever’s associated expected value, and the
subsequent free choice trials had the same probability in effect for the
uncertain lever. Each free choice trial was the same as above, but a suc-
cessful nose-poke resulted in extension of both levers, allowing the rat to
choose, and thus assessed the rat’s preference between high/risky and
low/safe reward options.

For the behavioral pharmacology experiment, vehicle or the selective
GABA(A) receptor subunit 2, 3, and 5 allosteric agonist (L-838,417; 3
mg/kg, i.p.) was injected 20 min before forced trials on the 3 d of prob-
abilistic reward on the risky lever (0.75, 0.50, and 0.25 probability). For
consistency, a mock injection (i.p.) 20 min before forced trials on the 2 d
of certain reward on the risky lever (1.0 and 0.00 probability) were also
administered.

Slice electrophysiology. Following 20 d of withdrawal, acute brain slices
were prepared as described previously (Ting et al., 2014). Briefly, rats
were anesthetized with Beuthanasia (200 mg/kg, i.p.) and were perfused
with �40 ml of ice-cold carbogenated NMDG-ACSF containing the fol-
lowing (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20
HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2,
10 MgSO4, pH 7.3–7.4. The brain was removed and blocked, and 225 �m
horizontal sections were made in ice-cold NMDG-ACSF. Slices were
transferred to a chamber containing NMDG-ACSF at 33°C for �12 min
and then were transferred to a second chamber containing room temper-
ature HEPES-ACSF, composed of the following (in mM): 92 NaCl, 2.5
KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5
Na-ascorbate, 3 Na-pyruvate, 2 CaCl2, 2 MgSO4. Constant bubbling of
solutions with CO2/O2 was maintained throughout.

Whole-cell recordings were made using an Axopatch 700B amplifier
(Molecular Devices) with filtering at 1 kHz using 4 – 6 M° electrodes.
ACSF at 32°C containing the following (in mM): 126 NaCl, 2.5 KCl, 1.2
NaH2PO4, 1.2 MgCl2, 11 glucose, 18 NaHCO3, 2.4 CaCl2, continually
bubbled with CO2/O2 and perfused over slices at a rate of �2 ml/min
during recording. For sIPSCs, patch electrodes were filled with an inter-
nal solution containing the following (in mM): 70 KCl, 70 K-gluconate,
12 NaCl, 4 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, pH 7.2–7.4, 290
mOsm. For sEPSCs, patch electrodes were filled with an internal solution
containing the following (in mM): 130 K-gluconate, 5 NaCl, 1 EGTA, 10
HEPES, 5 Mg-ATP, 0.5 Na-GTP, pH 7.2–7.4, 290 mOsm.

VTA dopamine neurons were identified by the presence of a large
Ih current. Recordings were made in voltage-clamp mode at a holding
potential of �60 mV. sIPSCs were recorded in the presence of
kynurenic acid (2 mM), and sEPSCs were recorded in the presence of
picrotoxin (100 �M). Spontaneous events were analyzed automati-
cally and were visually inspected and confirmed using MiniAnalysis
software (Synaptosoft).

Microdialysis with UPLC-tandem MS. Following completion of the
probability discounting task, control and ethanol vehicle-treated rats
were anesthetized with 1.5 g/kg urethane (i.p.) and placed into a stereo-

taxic apparatus. A microdialysis cannula (BASi) targeting the nucleus
accumbed core (relative to bregma: 1.3 mm anterior, 1.3 mm lateral, 5.25
mm ventral) was cemented in place. Next, a 2 mm in length microdialysis
probe (BASi) was inserted into the cannula, flushed with artificial CSF
(154.7 mM Na 	, 0.82 mM Mg 2	, 2.0 mM K 	, 132.49 mM Cl �, 1.1 mM

Ca 2	, and 5.9 mM D-glucose) at 2 �l/min for 1.5 h and then at 1 �l/min
for 30 min. Fractions were then collected on ice every 20 min into glass
tubes (Waters) containing 0.01 N perchloric acid. An equal volume of 1.0
ng/ml 2-(3,4-dihydroxyphenyl)ethyl-1,1,2,2-d4-amine HCl (D4; as an
internal standard) was added to each sample and then each fraction was
rapidly frozen on dry ice and stored until further processing. Resulting
fractions were analyzed on the AQUITY UPCL System (Waters),
equipped with a Waters 2.1 � 100 mm HSS T3 reverse-phase. Eluting
analytes were detected using a Xevo TQ-S Mass Spectrometer operating
in positive mode performing dynamic multiple-reaction monitoring.
The following compounds were monitored in the dialysate by the
UPLC-MS method: DA and D4.

Histology. After completion of the FSCV measurements, the carbon-
fiber electrode recording site was marked by making a small electrolytic
lesion at the electrode tip (�70 �A current through the electrode for
30 s). Brains from both the FSCV and microdialysis experiments were
removed, fixed in 4% PFA for 7 d, placed in 30% sucrose in PBS for 48 h,
place in 10% sucrose for 48 h, flash frozen, and sectioned coronally (30
�m). Sections containing the NAcc, PPT, and MFB were mounted and
stained with cresyl violet. Histology is shown in Figure 1.

Data analysis. Chemometric analysis was used to isolate the voltam-
metric signal using a standard training set of stimulated dopamine re-
lease as previously described (Clark et al., 2010; Wanat et al., 2013; Heien
et al., 2005). Voltammetric data analysis was performed using LabVIEW
written software and was low-pass filtered at 2000 Hz. Analysis of
stimulation-induced extracellular dopamine concentration was re-
stricted to 3 s after electrical stimulation onset. For analysis of relative
levels of tonic dopamine via microdialysis, each sample was normalized
to its internal D4 standard. A power analysis with an � level of 0.05 and
power level of 0.8, using the effect size and variance estimated from
preliminary data were used to determine the number of rats used per
experiment. The Kolmogorov–Smirnov test was performed on the resid-
uals after data were fitted to a Gaussian curve with the mean and SD of
each dataset to assess normality. Differences between groups were deter-
mined using repeated or nonrepeated measures one-, two-, and three-
way ANOVA followed by Bonferroni post hoc. Student’s unpaired, one-
sample, or two-sample t tests were also used. The Pearson correlation test
was used to assess the relationship between tonic dopamine and risk-
taking behavior. Statistical analyses were conducted using GraphPad
Prism 4.0. Rats were excluded from analysis if electrode and/or cannula
placements were not correct (n � 4). Rats were also excluded if they did
not meet predetermined intake and/or behavioral criteria (n � 32).

Results
Circuit-specific perturbation of phasic dopamine
transmission following adolescent alcohol exposure
Voluntary consumption of ethanol during adolescence results in
persistent risk-taking behavior and increased phasic dopamine
transmission in response to cues signaling risky choices (Nasral-
lah et al., 2011). To examine the circuits underlying these find-
ings, we used electrical stimulation of discrete brain regions
coupled with FSCV in anesthetized rats. PPT stimulation in-
creased phasic dopamine release in adult rats with and without a
history of ethanol (linear regression: control; F(1,47) � 14.1, p �
0.0005, ethanol; F(1,40) � 54.3, p � 0.0001; Fig. 2a– c), consistent
with previous reports (Wanat et al., 2013). However, PPT stim-
ulation evoked significantly higher phasic dopamine release in
adulthood following adolescent ethanol intake in response
to increasing stimulation current (two-way repeated-measures
ANOVA: adolescent treatment � current: F(6,66) � 8.8, p �
0.0001; Bonferroni post hoc analysis; Fig. 2a– d), stimulation
duration (two-way repeated-measures ANOVA: adolescent
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Figure 1. Histological verification or recording and stimulation sites. a, FSCV working electrode recording sites. b, PPT stimulating electrode sites. c, MFB stimulating electrode sites. d,
Microdialysis probe sites.
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treatment � duration: F(7,63) � 5.7, p �
0.0001; Bonferroni post hoc analysis; Fig.
2e,f), and stimulation frequency (two-
way repeated-measures ANOVA: adoles-
cent treatment � frequency: F(4,40) � 3.3,
p � 0.02; Bonferroni post hoc analysis; Fig.
2g,h). Averaged traces for each input/out-
put curve are shown in Figure 1d, f, and h,
respectively.

A potentiation in PPT-evoked phasic
dopamine release could be attributable to
changes in either the cells bodies located
in the VTA or the presynaptic terminals
located in the NAcc. To differentiate be-
tween these two alternatives, we next
stimulated the MFB to bypass the VTA
and specifically isolate terminals in the
NAcc. MFB stimulation evoked robust
dopamine release in both groups (Fig.
3a,b). However, unlike the PPT, MFB-
evoked dopamine release did not differ be-
tween groups in response to increasing
stimulation current (two-way repeated-
measures ANOVA: adolescent treatment �
current: F(6,48) � 0.3, p � 0.90; Fig. 3a–d),
stimulation duration (two-way repeated-
measures ANOVA: adolescent treatment �
duration: F(7,42) �0.5, p�0.79; Fig. 3e,f), or
stimulation frequency (two-way repeated-
measures ANOVA: adolescent treatment �
frequency: F(4,24) � 0.8, p � 0.51; Fig. 3g,h).
Averaged traces for each input/output curve
are shown in Figure 3d, f, and h, respectively.

Inhibitory tone on VTA dopamine
neurons is increased, and tonic NAcc
dopamine decreased, following
adolescent alcohol exposure
We next used slice electrophysiology to
measure excitatory and inhibitory inputs
onto VTA dopamine neurons from rats
with and without a history of adolescent
alcohol consumption. Spontaneous EPSCs
onto VTA dopamine neurons did not sig-
nificantly differ in adult rats following ad-

Figure 2. Phasic dopamine transmission is increased following adolescent alcohol use via a PPT-VTA circuit. a, b, Representa-
tive traces and corresponding background-subtracted cyclic voltammograms (inset) represent changes in dopamine oxidative
current in the NAcc in response to PPT stimulation (arrowhead) in control (a) and ethanol-exposed rats (b). Color-coded observed
changes in redox currents as a function of applied potential ( y-axis) plotted over time (x-axis) are depicted in the pseudocolor

4

plots. c, Following adolescent ethanol intake, PPT-evoked do-
pamine release is potentiated in adulthood in response to in-
creasing stimulation current (two-way repeated-measures
ANOVA interaction; Bonferroni post hoc analysis; control n �
7, ethanol n � 6). d, Average traces for stimulation current. e,
Following adolescent ethanol intake, PPT-evoked dopamine
release is potentiated in adulthood in response to increasing
stimulation duration (two-way repeated-measures ANOVA in-
teraction; Bonferroni post hoc analysis; control n � 6, ethanol
n � 5). f, Average traces for stimulation duration. g, Follow-
ing adolescent ethanol intake, PPT-evoked dopamine release
is potentiated in adulthood in response to increasing stimula-
tion frequency (two-way repeated-measures ANOVA interac-
tion; Bonferroni post hoc analysis; control n � 6, ethanol n �
6), but only at the highest frequency. h, Average traces for
stimulation frequency. Error bars indicate mean � SEM. *p �
0.05. **p � 0.01. ***p � 0.001.
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olescent ethanol intake (Fig. 4a) in either
amplitude (two-way ANOVA: adolescent
treatment � event amplitude: F(40,1148) �
0.4, p � 1.0; Fig. 4b) or frequency (two-way
ANOVA: adolescent treatment � inter-
event interval: F(70,1142) � 0.2, p � 1.0; Fig.
4c). However, spontaneous IPSCs onto VTA
dopamine neurons were significantly in-
creased following ethanol intake (Fig. 4d) for
amplitude (two-way ANOVA: adolescent
treatment � event amplitude: F(50,867) � 2.0,
p � 0.0001; Fig. 4e) and frequency (two-way
ANOVA: adolescent treatment � interevent
interval: F(60,1037) � 2.0, p � 0.0001; Fig. 4f).

Changes to VTA dopamine neuron ac-
tivity have previously been shown to coin-
cide with changes in tonic NAc dopamine
levels (Diana et al., 1993; Floresco et al.,
2003), and tonic dopamine levels have
also been previously linked to risk-taking
behavior (St. Onge et al., 2012). Using mi-
crodialysis and UPLC-MS, we found that
basal NAcc dopamine levels were lower in
adulthood in adolescent ethanol-exposed
rats relative to controls (Student’s un-
paired t test, t(8) � 2.2, p � 0.05; Fig. 4g).
Furthermore, we found a significant neg-
ative correlation between a rat’s previous
risk-taking behavior and tonic dopamine
levels (Pearson correlation, r � �0.7,
F(1,19) � 22.9, p � 0.0001; Fig. 4h), poten-
tially linking lower tonic dopamine levels
to increased risk-taking behavior.

Pharmacological reversal of alcohol-
induced changes in dopamine
transmission and risk-taking behavior
in adulthood
Based on the electrophysiological and mi-
crodialysis data, we next used a GABA(A)
allosteric agonist to explore pharmacolog-
ical mitigation of the behavioral and
neurochemical consequences of adolescent
ethanol consumption. The GABA(A) �2,
�3, �4, but not �1, subunit mRNAs are
found in VTA dopamine neurons (Okada et
al., 2004). Therefore, we exploited this het-
erogeneity and the increased GABAergic

Figure 3. Adolescent alcohol does not increase MFB-stimulated NAcc phasic dopamine transmission in adulthood. a, b, Rep-
resentative traces and corresponding background-subtracted cyclic voltammograms (inset) represent changes in dopamine oxi-
dative current in the NAcc in response to MFB electrical stimulation (arrowhead) in control (a) and ethanol (b) exposed rats.
Color-coded observed changes in redox currents as a function of applied potential ( y-axis) plotted over time (x-axis) are depicted
in the pseudocolor plots. c, MFB stimulation did not change NAcc phasic dopamine release in adulthood following adolescent

4

alcohol intake in response to increasing stimulation current
(two-way repeated-measures ANOVA interaction; control n�
5, ethanol n � 5). d, Average traces for stimulation current. e,
MFB stimulation did not change NAcc phasic dopamine release
in adulthood following adolescent alcohol intake in response
to increasing stimulation duration (two-way repeated-
measures ANOVA interaction; control n � 4, ethanol n � 4). f,
Average traces for stimulation duration. g, MFB stimulation
did not change NAcc phasic dopamine release in adulthood
following adolescent alcohol intake in response to increasing
stimulation frequency (two-way repeated-measures ANOVA
interaction; control n � 4; ethanol n � 4). h, Average traces
for stimulation frequency. Error bars indicate mean � SEM.
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transmission within the VTA that the elec-
trophysiological results suggest to specifi-
cally target VTA dopamine neurons with
the GABA(A) �2, �3, and �5 subunit-
selective allosteric agonist L-838,417. Sys-
temic administration of this drug (i.p.) in
adult anesthetized control rats produced a
dose-dependent decrease in PPT-evoked
dopamine release (one-way ANOVA:
F(2,103) � 54.3, p � 0.0001; Bonferroni post
hoc analysis; Fig. 5a). Consistent with in-
creased inhibitory tone in the VTA, rats that
consumed ethanol during adolescence
showed an L-838,417-induced decrease in
PPT-evoked dopamine release in adulthood
(two-way ANOVA: main effect of adoles-
cent treatment: F(1,164) � 4.872, p � 0.03,
main effect of drug: F(1,164) � 98.54, p �
0.0001; Bonferroni post hoc analysis; Fig.
5b), where dopamine returned to control
baseline levels when the data are visualized
in raw form (two-way ANOVA: main effect
of adolescent treatment: F(1,164) � 86.07,
p � 0.0001, main effect of drug: F(1,164) �
63.82, p � 0.0001; Bonferroni post hoc anal-
ysis; Fig. 5c).

We next investigated the potential for
this drug to act as a therapeutic agent dur-
ing decision-making. When administered
systemically 20 min before the session,
L-838,417 (3 mg/kg, i.p.) was able to de-
crease risk-taking behavior in adulthood
following adolescent ethanol intake (two-
way repeated-measures ANOVA: drug �
probability: F(4,52) � 2.7, p � 0.04; Fig.
5d), with no effect in control rats (two-
way repeated-measures ANOVA: drug �
probability: F(4,60) � 0.07, p � 0.99; Fig.
5d). Importantly, choice behavior during
conditions where risk was not present
(i.e., at 1.00 and 0.00) was unaffected by
L-838,417 administration, suggesting that
the drug did not influence reward pro-
cessing nonspecifically (Fig. 5d). To gen-
erate an overall risk preference score
(Nasrallah et al., 2011; Schindler et al.,
2014), choice behavior for the uncertain
reward option over the probabilistic test
conditions (0.75, 0.50, and 0.25) was col-
lapsed, as the expected value for the op-
tions are equal when the conditions are
combined. In line with our previous re-

Figure 4. IPSCs onto VTA dopamine neurons are increased, and tonic NAcc dopamine is decreased following adolescent alcohol
intake. a, Example traces of spontaneous EPSCs. b, The cumulative distribution of spontaneous EPSC amplitudes does not change
following adolescent ethanol intake (two-way repeated-measures ANOVA interaction; control n � 15 cells, ethanol n � 15 cells).
c, The cumulative distribution of spontaneous EPSC interevent intervals does not change following adolescent ethanol intake
(two-way repeated-measures ANOVA interaction; control n � 15, ethanol n � 15 cells). d, Example traces of spontaneous IPSCs.
e, The cumulative distribution of spontaneous IPSC amplitudes shifts toward higher amplitude events in VTA dopamine neurons
following adolescent ethanol intake (two-way ANOVA interaction; control n � 9 cells, ethanol n � 10 cells). f, The cumulative

4

distribution of spontaneous IPSC interevent intervals shifts to-
ward shorter intervals in VTA dopamine neurons following ad-
olescent ethanol intake (two-way ANOVA interaction; control
n � 9 cells, ethanol n � 10 cells). g, Tonic NAcc dopamine is
decreased relative to controls following ethanol intake (Stu-
dent’s t test; control n � 5, ethanol n � 5). h, Tonic NAcc
dopamine level is negatively correlated with risk preference
(Pearson correlation test; control n � 12, ethanol n � 9).
Error bars indicate mean � SEM. *p � 0.05. ****p � 0.0001.
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sults (Schindler et al., 2014), rats that consumed ethanol during
adolescence demonstrated a risk preference score that was signif-
icantly elevated above risk neutrality in adulthood (50% choice
for the risky option; one-sample t test, t(20) � 4.5, p � 0.0002; Fig.
5e). However, ethanol-exposed rats that received L-838,417 (3
mg/kg, i.p.) returned to risk neutrality (one-sample t test, t(23) �
0.5, p � 0.61; Fig. 5e). Importantly, the drug did not change the
risk neutrality of control rats when administered at this dose
(one-sample t test, t(17) � 0.7, p � 0.52; Fig. 5e). L-838,417 did
not alter food consumption (two-way ANOVA: adolescent treat-
ment � drug: F(1,92) � 2.1, p � 0.15; data not shown), the num-
ber of omitted forced trials (two-way ANOVA: adolescent
treatment � drug: F(1,92) � 2.6, p � 0.11; data not shown), the
number of omitted choice trials (two-way ANOVA: adolescent
treatment � drug: F(1,89) � 1.6, p � 0.20; data not shown), or

latency to respond (two-way ANOVA: adolescent treatment �
drug: F(1,92) � 1.8, p � 0.18; data not shown).

Finally, we also analyzed “win-stay” and “lose-shift” choice
patterns to determine the effects of adolescent ethanol expo-
sure and L-838,417 on positive and negative feedback sensi-
tivity, respectively (Stopper et al., 2014). Ethanol intake
during adolescence selectively increased win-stay behavior in
adulthood, and pretreatment with L-838,417 (3 mg/kg, i.p.)
was able to reverse this behavior without affecting the behav-
ior of control rats (three-way ANOVA: adolescent treat-
ment � drug � win-stay/lose-shift: F(1,54) � 6.41, p � 0.01;
win-stay two-way ANOVA: adolescent treatment � drug
treatment: F(1,27) � 9.3, p � 0.01; Bonferroni post hoc analysis
and lost-shift two-way ANOVA: adolescent treatment � drug
treatment: F(1,27) � 0.2 p � 0.05; Fig. 5f ).

Figure 5. Increased phasic dopamine and maladaptive risk-taking behavior following adolescent alcohol intake are reversed by a GABA(A) allosteric agonist. a, L-838,417 dose-dependently
decreases PPT-evoked phasic dopamine release in control rats (one-way ANOVA; Bonferroni post hoc analysis; control vehicle n � 5, control 3 mg/kg n � 4, control 10 mg/kg n � 4). b, L-838,417
(3 mg/kg, i.p.) decreases PPT-evoked phasic dopamine release in adulthood in both groups (two-way ANOVA main effect of adolescent treatment, two-way ANOVA main effect of drug; Bonferroni
post hoc analysis; control vehicle n � 5, control 3 mg/kg n � 4, ethanol vehicle n � 6; ethanol 3 mg/kg n � 6). c, L-838,417 (3 mg/kg, i.p.) returns PPT-evoked dopamine release following
adolescent ethanol intake to baseline control levels (two-way ANOVA main effect of adolescent treatment and main effect of drug; Bonferroni post hoc analysis; control vehicle n�5, control 3 mg/kg
n � 4, ethanol vehicle n � 6; alcohol 3 mg/kg n � 6). d, L-838,417 (3 mg/kg, i.p.) administered before behavioral sessions reverses maladaptive risk-taking behavior seen following adolescent
ethanol intake (two-way repeated-measures ANOVA interaction; ethanol vehicle n � 7, ethanol 3 mg/kg n � 8) but has no effect on control rats (two-way repeated-measures ANOVA interaction;
control vehicle n � 11, control 3 mg/kg n � 6). e, L-838,417 (3 mg/kg, i.p.) administered before behavioral sessions also reverses the risk preference score seen following adolescent ethanol intake
(one-sample t test from a theoretical mean � 50.0: ethanol/vehicle-treated, n � 21, ethanol/L-838 – 417-treated, n � 24). f, L-838,417 (3 mg/kg, i.p.) administered before behavioral sessions
reverses the increase in win-stay behavior following adolescent ethanol intake (three-way ANOVA interaction followed by separate two-way ANOVAs for win-stay and lose shift; Bonferroni post hoc
analysis; control vehicle n �11, control 3 mg/kg n �6, ethanol vehicle n �7, ethanol 3 mg/kg n �7). Error bars indicate mean� SEM. *p �0.05. **p �0.01. ***p �0.001. n.s., Not significant.
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Discussion
Recent reports evaluating the impact of drug abuse on society
conclude that alcohol ranks as the most harmful of all abused
substances (Nutt et al., 2010; World Health Organization, 2014).
In addition, despite continuing efforts to curb its use, alcohol
remains the most commonly abused substance among adoles-
cents (Witt, 2010). That such experience can be antecedent to
problem drinking has been recognized for some time; that such
experience may also have long-lasting effects on decision-making
processes is a relatively recent consideration (Stout et al., 2005;
Johnson et al., 2008). In the current work, we identify a specific
alcohol-induced perturbation in dopamine network dynamics
where a potentiation of PPT-evoked dopamine release may drive
maladaptive decision-making following adolescent alcohol in-
take. Emerging evidence indicates that there are multiple excit-
atory inputs to the VTA, including the PPT, and that these
circuits may differ in the information that is conveyed and the
behaviors that are supported (Geisler et al., 2007; Watabe-Uchida
et al., 2012). The PPT in particular has been linked to the assign-
ment of positive incentive value (Lisman and Grace, 2005), sig-
naling of dopamine-dependent positive reward prediction errors
(Pan and Hyland, 2005), and the activation/inactivation of this
structure has been shown to alter choice behavior under risk
(Leblond et al., 2014; Stopper et al., 2014). Consistent with these
results and the proposed role of the PPT, we have shown that
positive reward prediction errors are altered by adolescent alco-
hol exposure (Spoelder et al., 2015) as well as choice behavior
under risk. However, the PPT sends both glutamatergic and cho-
linergic projections to the VTA, and the approach taken here
cannot resolve a separable contribution of each. Thus, future
studies will be required to determine whether glutamatergic or
cholinergic input (or both) regulates the effect of adolescent al-
cohol seen in the present study.

We next examined the excitability of VTA dopamine neurons
and found an increase in inhibitory tone following adolescent
alcohol intake. In line with these results, previous reports have
demonstrated that a single injection of ethanol can induce a long-
lasting potentiation of GABAergic synapses in VTA dopamine
neurons (Melis et al., 2002); and following cessation of chronic
ethanol administration, basal VTA dopamine neuronal popula-
tion activity is reduced (Shen et al., 2007). Increased phasic do-
pamine release in conjunction with increased inhibitory tone
onto VTA dopamine neurons shown here provides novel in vivo
support for previous modeling work implicating a role for
GABAergic signaling in the midbrain for disinhibition-induced
burst firing of dopamine neurons (Lobb et al., 2011a, b; Paladini
and Roeper, 2014; Oster et al., 2015). In this model, bursts in
dopamine neuronal activity can be induced by disinhibition (i.e.,
phasic removal of inhibitory GABA(A) receptor conduc-
tance), and importantly bursting is enhanced by increasing the
degree of this disinhibition. We find increased spontaneous
IPSCs following adolescent alcohol intake; therefore, the en-
hanced phasic dopamine release we find may be the result of a
larger degree of disinhibition (mediated via increased IPSCs)
in response to salient stimuli or PPT stimulation. Additional
studies will be required to determine whether disinhibition is
responsible for the enhanced phasic dopamine release (evoked
by salient cues and/or drug related stimuli) seen following
adolescent alcohol intake. Thus, future work will focus on the
source of inhibition (VTA interneurons, RMTg, striatum) and
the mechanism of disinhibition that may result from excit-
atory input from the PPT.

We next used microdialysis and UPLC-MS to demonstrate a
decrease in basal NAcc dopamine levels relative to controls fol-
lowing adolescent alcohol intake, which was negatively correlated
with risk-taking behavior. Previous reports have demonstrated a
reduction in tonic NAcc dopamine levels following cessation of
chronic ethanol exposure (Rossetti et al., 1992; Diana et al.,
1993). Likewise, withdrawal from a variety of drugs of abuse re-
sults in decreased NAcc tonic dopamine levels and/or attenuated
tonic VTA dopamine neuron firing (Parsons et al., 1991; Robert-
son et al., 1991; Rossetti et al., 1992; Liu and Jin, 2004). Addition-
ally, previous work has demonstrated that modulation of VTA
dopamine cell activity coincides with changes in NAc tonic do-
pamine levels (Diana et al., 1993; Floresco et al., 2003), as dem-
onstrated in the present study. This body of work suggests a
complex interplay between tonic and phasic dopamine where
chronic substance use may persistently decrease tonic dopamine
levels in the striatum while in parallel increasing phasic dopamine
responses to salient stimuli, thereby increasing the “signal-to-
noise” ratio of phasic to tonic dopamine in the NAcc (Wanat et
al., 2009). Notably, the findings reported here support theoretical
work positing that chronic alcohol exposure may provoke a per-
sistent negative affective state and subsequently motivate mal-
adaptive drug-seeking behavior via alcohol-induced deficits in
NAcc baseline dopamine levels, leading to a much greater per-
centage increase in phasic dopamine release upon continued
drug self-administration (Koob, 2013).

Finally, based on the overall pattern of electrochemical and
electrophysiological findings, we hypothesized that ethanol ex-
posure enhances GABA transmission to reduce tonic dopamine
but may be insufficient to reduce phasic dopamine, thus gener-
ating an imbalance in the tonic to phasic signaling ratio. If cor-
rect, then additional modulation of GABA input may be expected
to increase this inhibition further and be sufficient to reduce
phasic dopamine, restore the balance, and mitigate maladaptive
behavior. Consistent with our electrophysiological data showing
increased GABA-mediated inhibitory tone onto VTA dopamine
neurons, we found that the selective GABA(A) allosteric agonist
L-838,417 was able to return PPT-evoked dopamine release to
control baseline levels in rats that previously consumed alcohol in
adolescence. We then applied these findings in our behavioral
pharmacology study and, using the 3 mg/kg dose of L-838,417,
we were able to reverse maladaptive decision-making in rats that
previously consumed alcohol during adolescence, without affect-
ing the behavior of control rats. Our results are in line with pre-
vious reports demonstrating that choice behavior on a risk/
reward probability discounting task is highly sensitive to
pharmacological manipulations of the mesolimbic dopamine
system (St Onge and Floresco, 2009; Stopper et al., 2013), al-
though additional studies will be required to specifically investi-
gate the effect of L-838,417 on phasic dopamine release while the
rats are performing the risky decision-making task.

Although risk attitude is often attributed to loss sensitivity
(Tom et al., 2007), our work has suggested that a change in the
processing of gains is critical to generating risk preference after
chronic alcohol use (Clark et al., 2012; Spoelder et al., 2015).
Specifically, we have previously demonstrated that adult rats that
have previously consumed alcohol as adolescents show increased
dopamine-dependent incentive (gain) learning strategies and po-
tentiated stimulus-evoked NAcc phasic dopamine release (Clark
et al., 2012; Spoelder et al., 2015). Indeed, a recent report with the
IGT demonstrates that alcohol-dependent individuals are more
prone to risky choices and display between-group differences in
gain but not loss sensitivity (Brevers et al., 2014). Consistent with
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data in human alcoholics, we show here that adolescent alcohol
use selectively increases win-stay (gains) but not lose-shift
(losses) choice patterns. Importantly, we show that the reduction
in risk preference by L-838,417 is attributable to its effect on
win-stay behavior selectively. This result is consistent with a re-
cent report showing that electrical stimulation of the lateral ha-
benula, which suppresses phasic dopamine signaling, is sufficient
to decrease risk-taking behavior and win-stay tendencies (Stop-
per et al., 2014).

In conclusion, this work highlights a potential neural mecha-
nism that promotes maladaptive decision-making after adoles-
cent alcohol use and demonstrates its pharmacological reversal in
adulthood. Indeed, we present data from multiple experimental
approaches supporting a model where adolescent alcohol use
produces increased inhibitory tone on dopamine neurons in par-
allel with a persistent decrease in basal dopamine levels and a
potentiation in stimulus-evoked phasic dopamine release. These
results provide unique insight into the dynamic interplay be-
tween different modes of dopamine transmission within the
mesolimbic network, the underlying mechanisms involved in
drug-induced maladaptive risk-taking behavior, and highlight a
potential new therapeutic target for further investigation.
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