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Abstract

There is a compelling evidence that midbrain dopamine (DA) neurons and their projections to the ventral striatum provide a mech-
anism for motivating reward-seeking behavior, and for utilizing information about unexpected reward prediction errors (RPEs) to
guide behavior based on current, rather than historical, outcomes. When this mechanism is compromised in addictions, it may
produce patterns of maladaptive behavior that remain obdurate in the face of contrary information and even adverse conse-
quences. Nonetheless, DAergic contributions to performance on behavioral tasks that rely on the ability to flexibly update stimu-
lus-reward relationships remains incompletly understood. In the current study, we used a discrimination and reversal paradigm to
monitor subsecond DA release in mouse NAc core (NAc) using in vivo fast-scan cyclic voltammetry (FSCV). We observed post-
choice elevations in phasic NAc DA release; however, increased DA transients were only evident during early reversal when mice
made responses at the newly rewarded stimulus. Based on this finding, we used in vivo optogenetic (eNpHR) photosilencing and
(Channelrhodopsin2 [ChR2]) photostimulation to assess the effects of manipulating VTA-DAergic fibers in the NAc on reversal
performance. Photosilencing the VTA ? NAc DAergic pathway during early reversal increased errors, while photostimulation did
not demonstrably affect behavior. Taken together, these data provide additional evidence of the importance of NAc DA release
as a neural substrate supporting adjustments in learned behavior after a switch in expected stimulus-reward contingencies. These
findings have possible implications for furthering understanding the role of DA in persistent, maladaptive decision-making charac-
terizing addictions.

Introduction

Forming associations between cues and rewards is fundamental to
the ability to understand and successfully engage with the environ-
ment but this process can become dysfunctional in neuropsychiatric
disorders. A growing literature indicates that the activity of midbrain
dopamine (DA) neurons provides a key neuromodulatory substrate
for this form of learning. For instance, some, although not all, stud-
ies have shown that rodents and nonhuman primates will develop a
place preference or acquire an operant response for photoexcitation

of DA neurons in the midbrain, ventral tegmental area (VTA), or
substantia nigra pars compacta (SNc) (Tsai et al., 2009; Adaman-
tidis et al., 2011; Witten et al., 2011; Kim et al., 2012; Rossi et al.,
2013; Ilango et al., 2014a, 2014b; Pascoli et al., 2015; Gremel &
Lovinger, 2016; Stauffer et al., 2016). Furthermore, building upon
classic electrical self-stimulation work (Olds, 1958; Howarth &
Deutsch, 1962; Bozarth & Wise, 1981), optogenetic studies have
shown that photostimulating putative DA neurons can support oper-
ant learning (Witten et al., 2011). In addition, in vivo single-unit
recordings and BOLD measures in the human VTA (D’Ardenne
et al., 2008) have detected patterns of activity in DA neurons con-
sistent with a reward prediction error (RPE): such that activity
increases in response to novel or unexpected rewards and decreases
when expected rewards are omitted (Ljungberg et al., 1992; Schultz
et al., 1997; Hollerman & Schultz, 1998; Ungless et al., 2004;
Bayer & Glimcher, 2005; Pan et al., 2005; Roesch et al., 2007;
Matsumoto & Hikosaka, 2009; Eshel et al., 2015).
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Despite this compelling evidence, the precise contribution of speci-
fic DAergic circuits to how behaviors directed at reward-predictive
stimuli develop and adapt remains incompletely understood (Berke,
2018). Of the various forebrain regions that are innervated by VTA-
DA neurons, transient calcium signals, and phasic DA release within
the nucleus accumbens (NAc) reliably coincide with responding for
rewards or the presentation of unexpected rewards or cues that predict
reward and anticipate outcomes (Phillips et al., 2003b; Roitman et al.,
2004; Day et al., 2007, 2010; Owesson-White et al., 2008, 2009;
Nasrallah et al., 2011; Sugam et al., 2012; Clark et al., 2013; Was-
sum et al., 2013; Hart et al., 2014; Ostlund et al., 2014; Saddoris
et al., 2015, 2017; Parker et al., 2016). Fluctuations in NAc DA are
consistent with the known role of the NAc in cue-invigoration of
instrumental responding for reward, and for the signaling of RPEs
(Wyvell & Berridge, 2000; Berridge, 2007; Lex & Hauber, 2008;
Pecina & Berridge, 2013; Wassum et al., 2013; Ostlund et al., 2014;
Klanker et al., 2015, 2017; Aitken et al., 2016; Collins et al., 2016a;
Corbit & Balleine, 2016).
Supporting the behavioral relevance of these NAc-DA transients,

DA D1R antagonists delivered into the NAc prevent VTA-driven
conditioned place preference (Lammel et al., 2012) and social inter-
action (Gunaydin et al., 2014), and reduce the willingness of ani-
mals to self-stimulate VTA-NAc DA neurons (Cheer et al., 2007;
Steinberg et al., 2014). Prior work has also shown that DA receptor
agonists and antagonists infused into the NAc, or more specifically
the NAc core (but not shell), bidirectionally modulate the DA-
related “blocking” learning effect (Iordanova et al., 2006; Li &
McNally, 2015), while other studies report no effect on spatial
reversal (Haluk & Floresco, 2009) or reversal of a cued operant
response (Calaminus & Hauber, 2007). Moreover, an elegant recent
report from Parker et al. (2016) showed that optogenetically silenc-
ing VTA neurons impaired probabilistic spatial reversal learning,
paralleling increased calcium signals from VTA/SN neurons to the
NAc in the same task.
To corroborate and extend the current literature, the goal of the

present study was to first establish the role of phasic striatal DA
release in a behavioral assay for choice-learning and choice-flexibil-
ity, and then causally interrogate the necessity of these circuits for
flexible choice. A touchscreen-based pairwise visual discrimination/
reversal task was employed (Brigman et al., 2009, 2013; Bergstrom
et al., 2018) as a behavioral preparation that offers the ability to
probe the contribution of a DA-RPE signal in new choice learning
(during discrimination), and as well as flexible choice (re)learning
driven by an explicit violation of reward prediction after stimulus-
reward contingencies are reversed (Izquierdo et al., 2017). In vivo
fast-scan cyclic voltammetry (FSCV) was used to monitor transient
DA release in the NAc as mice made touchscreen choices to obtain
a food reward. On the basis of the FSCV results obtained, experi-
ments were then undertaken using pathway-specific, bidirectional
in vivo photomanipulations to assess whether post-correct-choice
stimulation or silencing of VTA DA input to the NAc affected
choice flexibility after a stimulus-reward contingency reversal.

Materials and methods

Subjects

Male C57BL/6J (RRID: IMSR_JAX:000664) and C57BL/6J-back-
ground DAT-Cre transgenic mice (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J,
RRID: IMSR_JAX:006660) were obtained from The Jackson Labo-
ratory (Bar Harbor, ME, USA). DAT-Cre mice used for testing were
generated by crossing heterozygous transgenic males with C57BL/6J

females to produce heterozygous mutants for testing. Male and
female C57BL/6J-background D2DAT null mutant mice (and D2R-
floxed/DAT-IRES-Cre� littermate controls) were generated in-house
by intercrossing homozygous D2-floxed females with hemizygous
DAT-IRES-Cre males to excise D2R on DA neurons, as previously
described (Bello et al., 2011; Holroyd et al., 2015). Mice were
grouped-housed prior to surgery then single-housed (to maintain the
integrity of intra-cranial implants) in a temperature- and humidity
controlled vivarium under a 12-h light/dark cycle (lights on 0600 h).
Experimental procedures were performed in accordance with the
National Institutes of Health Guide for Care and Use of Laboratory
Animals and approved by the local NIAAA Animal Care and Use
Committee. The number of mice used in each experiment is indi-
cated in the figure legends.

Discrimination and reversal task

Testing procedures were based on those previously reported (Brig-
man et al., 2009, 2013) and used the Bussey-Saksida Touch Screen
System (model 80614, Lafayette Instruments, Lafayette, IN, USA).
The apparatus comprises a touch-sensitive screen on one wall of the
chamber and a reward-delivery magazine on the opposite wall of the
chamber (Fig. 1A).
Prior to testing, body weight was reduced and maintained at 85%

free feeding weight throughout testing to motivate responding.
Rewards were 14 mg food pellets (#F05684, BioServ, Frenchtown,
NJ, USA), provided first in the home cage and then in the test
chamber for 30 min in order to acclimate mice to the training envi-
ronment and the reward (~ 10 reward pellets/mouse). Mice were
next trained to associate the dispensing of reward with simultaneous
presentation of a 2-s, 65-dB tone, and illumination of the magazine
light. Forty pellets were randomly dispensed and mice were required
to consume all pellets in a 30-min testing session.
There were three phases of pre-training. In phase 1, the mouse was

required to initiate each trial with a head entry into the food magazine
upon illumination, which extinguished the magazine light and resulted
in the appearance of a 6.5 cm2 stimulus (selected randomly from a cat-
alog) in one of the two touchscreen windows for 10 s. Immediately
after the choice, a one-pellet reward was delivered, in conjunction
with the tone and magazine light cues. The criterion for phase 1 was
earning 30 pellets in < 30 min. In phase 2, the mouse was required to
touch the window containing the stimulus to receive a reward and the
stimulus remained on the screen until the mouse made a response. The
criterion for phase 2 was earning 30 pellets in < 30 min. Phase 3 was
the same as phase 2 with the exception that, to discourage indiscrimi-
nate touchscreen responding, touches at a blank window led to a 15 s
“timeout” period during which the house light was extinguished and a
new trial could not be initiated. Following a blank-screen response, a
“correction trial” was given in which the same stimulus was presented
in the same window. The next trial proper could not begin until a stim-
ulus-window response was made on a correction trial. There were 30
trials (excluding any correction trials) per session per day. The crite-
rion for phase 3 was touching the stimulus-containing screen on
> 75% of trials.

Discrimination

Discrimination involved the simultaneous presentation of two novel
6.5 cm2 stimuli (“fan” and “marbles”) in a spatially randomized
manner immediately on trial initiation (Fig. S1). Stimuli remained
on the screen until the mouse made a response (with no maximum
cutoff time) or the session ended (max 60 min). Responses at the
“fan” stimulus produced a food reward and corresponding 2 s tone/
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light cue at a continuous rate of reinforcement. Trials with a correct
response had a 5 s inter-trial interval after the delivery of the
reward. Responses at the “marble” stimulus (= “errors”) produced
no food reward and a 15 s “timeout” period. Each error was fol-
lowed by a correction trial in which the two stimuli were presented
in the same spatial configuration. The next trial proper could not
begin until a correct response was made on a correction trial. Mice
were given 30 trials proper per session (one session per day). The
percent correct performance was calculated as the number of correct
choices out of the 30 trials proper. Training continued until a perfor-
mance criterion of > 85% correct responses was attained on two
consecutive sessions. All trials were self-initiated. Reward was
delivered in conjunction with the tone and magazine light cues.

Reversal

For reversal, the designation of stimuli as correct vs. incorrect was
reversed for each mouse (correct = marbles, error = fan). Training
continued on the new contingency until a performance criterion of
> 85% correct responses (out of the 30 trials proper) was attained
on two consecutive sessions. All trials were self-initiated. Reward
was delivered in conjunction with the tone and magazine light cues.
The following dependent measures were analyzed to quantify dis-

crimination and reversal performance (Graybeal et al., 2011; Brig-
man et al., 2013): percent correct responding ([correct responses/30
trials proper] 9 100), total errors, latency to touch a stimulus (timed
from the appearance of the stimuli), and the latency to collect the

Fig. 1. Experimental set-up and behavioral readouts from a mouse touchscreen-based visual discrimination and reversal paradigm. (A) Mice were trained to
reliably discriminate between two visual stimuli by making a choice on a touchscreen to obtain a food reward. The stimulus-reward contingencies were then
reversed to test for choice flexibility. During both discrimination and reversal, mice initiated trials with a nose poke into the reward magazine. The task was
self-guided, meaning unlimited time was allowed to initiate a trial, make a choice on the touchscreen, and collect a reward. A correct choice was followed by a
pellet delivery and a 2 s tone while an incorrect choice was followed by a 15 s timeout during which new trials could not be initiated. (B-C) Phasic dopamine
transients were recorded in the NAc. (D) Recordings were conducted on the first (early) and last (late) discrimination and reversal sessions and during the rever-
sal session after mice attained 50% correct responses (mid). (E) Choice accuracy significantly improved from early (n = 7) to late (n = 7) discrimination perfor-
mance stages, then decreased at early reversal (n = 8) before increasing over mid (n = 6) and late reversal (n = 5) stages. (F) Choice errors decreased from
early to late discrimination, were significantly higher at early reversal and then decreased again over mid to late reversal. (G) Latency to make a choice did not
differ between sessions. (H) Latency to retrieve the reward did not differ between sessions. Data are means � SEM. **P < 0.01 vs. early discrimination,
††P < 0.05 vs. late discrimination, ##P < 0.01 vs. early reversal.
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reward (timed from a correct touch). In addition, the trial-by-trial
sequence of responses (both trials proper and correction trials) was
analyzed according to whether an error was followed by another
error (lose ? stay) or a correct response (lose ? shift), and
whether a correct response was followed by another correct response
(win ? stay) or an error (win ? shift). For FSCV, the dependent
measures were analyzed on specific stages of testing (Brigman
et al., 2013) corresponding to the sessions when DA was monitored:
the first discrimination session (=early discrimination), the next dis-
crimination session after the attainment of 85% correct performance
(=late discrimination), the first reversal session (=early reversal), the
next reversal session after the attainment of 50% correct perfor-
mance (=mid reversal), and the next discrimination session after the
attainment of 85% correct performance (=late reversal). For optoge-
netic experiments, the dependent measures were analyzed on the
first session of reversal, when the photomanipulations occurred.

FSCV monitoring of phasic DA release during behavior

Electrode construction

Recording electrodes were custom-made according to methods previ-
ously described (Clark et al., 2010). Carbon fibers (Goodfellow Cor-
poration, Devon, PA, USA) were inserted into cut segments of fused
silica tubing (5.5 mm; Polymicro Technologies, Phoenix, AZ, USA)
while submerged in isopropyl alcohol. The silica segments were then
sealed on one end using a 2-part epoxy (T-QS12 Epoxy, Super Glue,
Ontario, CA, USA) and the exposed carbon fiber was cut to 150 lm.
Silver epoxy was then used to attach a silver connector to the other
side of the tubing. After drying overnight, a coat of 2-part epoxy was
applied and the entire assembly was allowed to dry. Electrode connec-
tors were assembled from stainless steel electrodes (MS303-2-A-
20 mm, Plastics One, Roanoke, VA, USA) by soldering one wire to a
gold pin and sealing with clear epoxy and the other wire to a silver
wire (#782500, A-M Systems, Sequim, WA, USA) and painting with
silver epoxy. A 1–2 mm segment of silver wire left protruding from
the silver epoxy was chlorinated by soaking in undiluted bleach over-
night to form the Ag/AgCl reference electrode.

Electrode implantation

C57BL/6J mice had electrodes implanted under isoflurane anesthesia
(maintained at 2–5% by a precision vaporizer and delivered through a
nose cone) using a stereotaxic alignment system (Kopf Instruments,
Tujunga, CA, USA). The reference, attached to a connector, was first
implanted and fixed with dental cement. A chronic recording electrode
was then implanted in the contralateral NAc (AP: + 1.0 mm, ML:
� 1.2 mm from bregma and DV: � 3.7 mm from the brain’s sur-
face). The electrode was fixed to the skull with jeweler’s screws and
dental cement (Grip Cement, Dentsply, Milford, DE, USA). Finally,
the recording electrode was attached to the connector and cemented
into place. Mice were kept on a warm water blanket during and after
surgery and body temperature was monitored. After surgery, mice
were placed in a clean cage and Ketoprofen (5 mg/kg, s.c.) adminis-
tered for 3 days. Mice were allowed to recover at least 1 week before
beginning food restriction and then behavioral training, as described
above. The first recording was made 4–6 weeks post-surgery.

DA recordings

On the day of recording, electrodes were conditioned by applying a
triangular waveform (� 0.4 to + 1.3 V) to the implanted carbon

fiber at 60 Hz and then 10 Hz for at least 1 h. When compared to
acute glass electrodes, chronic electrodes require a longer time of
exposure to the applied potential at a high frequency to overcome
the loss of sensitivity that arises following chronic implantation
(Phillips et al., 2003a; Heien et al., 2005). Recordings were done at
a rate of 10 Hz. To ensure DA release could be detected prior to
testing, a DA transient was visually examined in response to presen-
tation of a food pellet (Fig. S1). Recordings took place on each of
five test sessions representing performance milestones in discrimina-
tion and reversal learning, as described above (Fig. 1B). Due to the
failure of the electrodes in some mice by the latter part of testing,
DA recordings were obtained in fewer mice at the later reversal
stages.
On the completion of testing, electrode integrity was assessed by

measuring DA transients in the home cage 5 min after intraperi-
toneal injection of a cocktail (10 mL/kg body weight, in saline vehi-
cle) comprising 15 mg/kg of cocaine (Sigma Aldrich, St. Louis,
MO, USA) and 2 mg/kg of the D2R antagonist, sulpiride. To verify
electrode placements, a subset of mice was anesthetized with isoflu-
rane and an electrolytic lesion was made by passing current through
the electrode. The next day, mice were deeply anesthetized with a
ketamine (100 mg/kg)/xylazine (10 mg/kg) cocktail, transcardially
perfused with phosphate buffered saline, then 4% paraformaldehyde.
The brain was removed and suspended in 4% paraformaldehyde
overnight and then 0.1 M phosphate buffer at 4 °C for 1–2 days.
Fifty-micrometers coronal sections were cut with a vibratome (Clas-
sic 1000 model, Vibratome, Bannockburn, IL, USA) and sections
examined with the aid of an Olympus BX41 microscope (Olympus,
Center Valley, PA, USA). Mice with incorrect electrode placement
were removed from the analysis (for electrode placement locations,
see Fig. 1C).

Analysis

Fast-scan cyclic voltammetry data were analyzed using the high
definition cyclic voltammetry (HDCV) software suite (Wightman
Lab, University of North Carolina, Chapel Hill, NC, USA)
(Bucher et al., 2013). DA was isolated from voltammetric data
using principal component analysis (Bucher et al., 2013) and con-
verted to concentration using a calibration factor of 10 nA/lM,
which gives an average of 10 nA current for 1 lM DA solution.
This is the average calibration factor of chronic electrodes used
previously in our laboratory (e.g., Mateo et al., 2017), as well as
other laboratories (e.g., Willuhn et al., 2014) that use the same
voltammetric input waveform (� 0.4 to 1.3 V) as used here. A
standard training set for DA and pH was built from spontaneous
transients elicited by administration of the aforementioned, post-
testing, cocaine/sulpiride cocktail. This was used to set the back-
ground subtraction for each mouse. The pH values obtained from
the training set were accounted for in the chemometric analysis.
Potential drift was not corrected for.
Digital input/output DA signals were recorded and aligned over

the period from 5 s before, through the 30 s after, either (i) a correct
response was made on the touchscreen, (ii) an error was made on
the touchscreen, or (iii) a head entry was made into the magazine to
collect a reward after a correct response was made. In addition, DA
responses were calculated as the average DA signal (i) from a cor-
rect response through to reward collection, (ii) over the 15 s after an
error response, (iii) over the 10 s after reward collection. DA con-
centrations were smoothed with a 5-point running average and aver-
aged across mice.
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VTA ? NAc DA neuronal photosilencing and photostimulation

Surgical procedures

For photosilencing, DAT-Cre+ mice and DAT-Cre� had rAAV5/
Ef1a-DIO-eNpHR3.0-EYFP (titer 3.2 9 1012 GC/mL, UNC Vector
Core, Chapel Hill, NC, USA, RRID: SCR_002448) bilaterally infused
(0.35 lL/hemisphere) into the VTA (AP: � 2.9 mm, ML:
� 0.4 mm, DV: � 4.55 from bregma) over 10 min using a Hamilton
syringe and 33-gauge needle. The needle was left in place for a further
10 min to ensure diffusion. For photostimulation, DAT-Cre+ mice
and DAT-Cre� mice were infused with rAAV5/Ef1a-DIOhChR2
(H123R)-EYFP (titer 5.5 9 1012 GC/mL, UNC Vector Core) into the
VTA. During the same surgery for viral infusion, ceramic ferrules
were bilaterally implanted 0.2 mm above the NAc (AP: + 1.2 mm,
ML: � 1.3 mm, DV: � 4.3 from bregma) to direct optical fibers. Fer-
rules were secured to the skull with jeweler’s screws, cyanoacetate,
and acrylic cement. Each fiber optic ferrule assembly consisted of a
200 lm diameter multimodal fiber (0.39 NA, Thorlabs, Newton, NJ,
USA) contained within a 230 lm diameter ceramic ferrule (Precision
Fiber Products, South Hillview Milpitas, CA, USA).

In vivo photomanipulations

Beginning 1 week after surgery, DAT-Cre mice were tested through
to discrimination criterion, without any photomanipulation. On the
first session of reversal testing (≥ 7 weeks after virus injection) light
was delivered immediately after each correct response (light on at a
correct touchscreen response, light off at reward collection). For
eNpHR3.0-expressing mice, green light was delivered continuously
during the correct-to-reward period through 65.5lm optical fibers
(NA 0.37; Thorlabs, Newton, NJ, USA) coupled to a 200-mW, 532-
nm, laser system (Opto Engine, Midvale, UT, USA) interfaced with
the touchscreen software to deliver TTL pulses to a laser driver. For
ChR2-expressing mice, blue light was delivered in 5 milliseconds
pulses at 20 Hz through a 200-mW, 433-nm laser system (Opto
Engine) that was also interfaced with the touchscreen software to
deliver TTL pulses to a laser driver. Laser power at the tip of the
fiber was calibrated before each test session using a power meter
(PM20, Thorlabs, Newton, NJ, USA) and adjusted to achieve 9 mW
in the case of eNpHR3.0 and 8 mW in the case of ChR2.
After photomanipulations were conducted on the first session of

reversal, subsequent reversal testing continued through to criterion
without additional light delivery. Then, on the session after criterion
was attained, light was shone, as above, during the period from trial
initiation through to choice in order to test for any general (e.g.,
motoric) performance disturbances produced by photosilencing or
photostimulating.

Viral expression verification

At the completion of testing, mice were deeply anesthetized with a
ketamine (100 mg/kg)/xylazine (10 mg/kg) cocktail before transcar-
dial perfusion with phosphate buffered saline, then 4%
paraformaldehyde. The brain was removed and suspended in 4%
paraformaldehyde overnight and then 0.1 M phosphate buffer at
4 °C for 1–2 days. Fifty-micrometer coronal sections were cut with
a vibratome (Classic 1000 model, Vibratome, Bannockburn, IL,
USA). Sections were coverslipped with Vectashield Hardset mount-
ing medium and DAPI (Vector Laboratories, Inc., Burlingame, CA,
USA) and examined with the aid of an Olympus BX41 microscope.
One mouse was adjudged to have insufficient viral expression and
was removed from the analysis.

To estimate the percentage of virally infected DA neurons in the
VTA, sections from a subset of Cre� and Cre+/eNpHR3.0-expressing
mice (n = 5 per group) were obtained, as above. Sections were
stained for rat anti-DAT (cat # MAB369, 1 : 2000, Millipore, Biller-
ica, MA, USA) and chicken anti-GFP (cat # ab13970, 1 : 2000,
Abcam, Cambridge, MA, USA) antibodies over 48 h in blocking
solution at 4 °C. Given the poor somatic labeling typical of ChR2-
expressing neurons, we did not attempt to quantify expression in this
group. The sections were then rinsed in PBS then incubated with goat
anti-rat IgG H&L Alexa Fluor 555 (cat # A21434, 1 : 1000, Life
Technologies, Waltham, MA, USA) and goat anti-chicken IgG H&L
Alexa Fluor 488 (cat # A11039, 1 : 1000, Life Technologies) for 2 h,
then rinsed in PBS. Afterward, the sections were counterstained with
Hoechst 33342 (5 lg/mL, Life Technologies) and coverslipped with
Vectashield Hardset mounting medium (Vector Laboratories). To
quantify the proportion of DAT+/YFP+ cells, 1–4 sections were
imaged per mouse at 209 in the VTA at coordinates corresponding to
the injection site (� 2.9 mm anteroposterior to bregma). A total of
160 randomly selected DAT-labeled cells in Cre+ mice and 116
DAT-labeled cells in Cre� mice were counted and, of these, the num-
ber that were also EYFP-labeled were counted to estimate the percent-
age of the DAT-labeled population that was virally transfected.

Ex vivo FSCV photostimulation verification

A test na€ıve cohort of DAT-Cre mice expressing ChR2 in VTA-NAc
neurons was sacrificed and the brain cooled in ice-cold, oxygenated
(95% O2, 5% CO2) modified Krebs buffer containing (in mM): NaCl
126, KCl 2.5, NaH2PO4 1.2, CaCl2 2.4, MgCl2 1.2, NaHCO3 25, Glu-
cose 11, HEPES 20, L-ascorbic acid 0.4, and pH adjusted to 7.4. Cor-
onal slices containing the NAc were prepared with a vibrating tissue
slicer (Leica Instruments, Wetzlar, Germany). Slices were placed in
an interface chamber and continually perfused (2 mL/min) with artifi-
cial cerebrospinal fluid (ACSF) containing (in mM): NaCl 126, KCl
2.5, NaH2PO4 1.2, CaCl2 2.4, MgCl2 1.2, NaHCO3 25, Glucose 11,
HEPES 20, L-ascorbic acid 0.4, pH 7.4, temperature 32 °C.
FSCV recordings of blue light-evoked DA release were performed

using a glass-encased cylindrical carbon fiber (r = 3.5 lm, 100 lm
exposed length; Hexcell Corporation, Stamford, CT, USA) placed in
the NAc at a site expressing EYFP. Optical stimulation (20 Hz,
5 ms pulse width, ~ 2 mW) was delivered through a water-immer-
sion 409 microscope objective to achieve whole-field illumination.
Light source was a single wavelength (470 nm) LED system
(CoolLED pE-100, Andover, UK). Light pulse duration and timing
were controlled by a Master-8 (A.M.P.I., Jerusalem, Israel). DA
release was monitored using FSCV by applying a triangular wave-
form optimized for ex vivo recordings (� 0.4 to + 1.2 V at 400 V/
s) at 10 Hz to the carbon-fiber (Heien et al., 2003).

Genetic model of augmented striatal DA release

D2DAT mutants, along with their littermate floxed controls, were
tested for discrimination and reversal, as above. Following the com-
pletion of reversal learning, mice were tested for locomotor behavior
in a 45 9 45 cm open field for 30 min and the total distance trav-
eled measured using Ethovision video tracking software (Noldus,
Leesburg, VA, USA).

Statistics

Behavioral and neurochemical data were analyzed using analysis of
variance (ANOVA) followed by Holm-Sidak post hoc tests or
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Student’s t-tests, with Bonferroni correction for multiple compar-
isons, where applicable.

Results

Behavioral performance

Mice took 12.6 � 1.1 sessions to attain late discrimination criterion
from the start of discrimination training, 6.0 � 1.2 sessions to attain
mid reversal criterion, and 10.3 � 2.1 sessions to attain late reversal
from the start of reversal training. None of the mice tested failed to
attain the discrimination and reversal criteria.
Examination of behavioral performance across the five major

stages of discrimination and reversal (Fig. 1D) showed that the
number of correct choices made, expressed as percentage of the 30
trials proper per session, significantly increased from early to late
discrimination (P = 0.0051), then decreased on early reversal
(P < 0.0001) before progressively increasing again by mid reversal
(P = 0.0004), and finally attaining criterion levels at late reversal
(one-way ANOVA effect of stage: F4,28 = 15.75, P < 0.0001)
(Fig. 1E). Total errors showed the inverse pattern, with significant
decreases in errors across early to late discrimination (P = 0.0006),
then a marked increase at early reversal (P < 0.0001) followed by
decreases over mid and late reversal (P < 0.0001) (one-way ANOVA

effect of stage: F4,28 = 23.43, P < 0.0001) (Fig. 1F). Total
responses at each performance stage followed the same trends as the
stage-wise changes in error rates (F4,28 = 10.78, P < 0.0001, data
not shown). Finally, there was no overall effect of stage on latency
to respond (ANOVA effects of stage: F4,28 = 1.48, P = 0.2341)
(Fig. 1G) or latency to collect a reward (ANOVA effects of stage:
F4,28 = 1.66, P = 0.1865) (Fig. 1H).
These behavioral data confirm discrimination and reversal perfor-

mance in electrode-implanted C57BL/6J mice that are comparable
with prior studies in this mouse strain in this task (Izquierdo et al.,
2006; Graybeal et al., 2011; Brigman et al., 2013), although laten-
cies to response and to reward tended to be longer here than in ear-
lier studies. This is likely due to the large head-cap and tethering
necessary for recordings, which may slow movement generally even
compared to the lighter head-caps used in for in vivo optogenetics.

Phasic DA correlates of behavior in the NAc

Next, DAergic correlates of performance in the NAc were investi-
gated using in vivo FSCV DA recordings. When the recording data
were aligned to the time of response, an electrochemical signal con-
sistent with DA was detected in the NAc during the period follow-
ing a correct response (on early reversal) (Fig. 2A). Electrode
placement was confirmed in a subset of mice (the remaining elec-
trodes were either used for ex vivo calibration or resulted in poor
lesions) (Fig. 1C) and DA release in those animals was found to be
similar to subjects with unconfirmed electrode placement (average
[DA] across all sessions in electrodes with verified placements:
21.5 � 32.1 nM vs. unverified: 14.4 � 5.1 nM). Moreover, there

was an increase in DA transients in response to systemic administra-
tion of a cocktail of cocaine and sulpiride at the completion of test-
ing (Fig. 2B). This confirms that the ability to record DA was
maintained through to the final stage of behavioral testing, with the
caveat that the drug-evoked measure was likely stronger than behav-
iorally related DA transients.
Comparison of choice-aligned NAc DA transients across task

stages revealed a significant increase after correct responses were
made (relative to a 5 s pre-response baseline) during early reversal
(Bonferroni corrected paired t-test: t7 = 4.56, P = 0.0026), but not
any other performance stage (Fig. 2C, D). By contrast, there was no
significant change in DA transients aligned to errors, at any stage of
behavior (Fig. 2E, F). In the follow-up analyses, there were no dis-
cernible within-session changes in choice-aligned DA transients
across trials at early reversal or at any other session (data not
shown). On the basis of a prior study using a rat operant task show-
ing that higher accumbal DA responses correspond to longer delays
to reward (Wanat et al., 2010), we performed correlation between
post-correct or post-error DA and latency to reward collection; but
did not find a significant correlation (r = � 0.10, P = 0.8137).
Finally, when DA responses were re-aligned to the time of reward
collection (i.e., magazine head entry after a correct choice), no sig-
nificant change in transients was evident, irrespective of perfor-
mance stage (Fig. S1).
Taken together, these recording data indicate a marked increase in

NAc DA release after mice made an unexpectedly rewarded correct
response after a previously learned stimulus-reward relationship was
reversed; suggestive of a positive RPE.

DA VTA ? NAc photosilencing and photostimulation during
early reversal

Building on the observation of a DA response following correct-
choices at early reversal, we virally transfected VTA DA neurons
with either eNpHR3.0 or ChR2 and tested the effects of selectively
photosilencing or photostimulating, respectively, fibers in the NAc
pathway during early reversal. Confirming the specificity and effi-
cacy of the viral approach, there was an expression of EYFP in
> 80% of putative (i.e., DAT-labeled) VTA DA cells, as well as in
fibers in the NAc (Figs 3A–D, S2). In addition, ex vivo FSCV
recordings confirmed that DA transients were evoked by shining
blue light on NAc slices containing ChR2-expressing DAergic fibers
originating in the VTA (Fig. S3). Because we did not measure glu-
tamate or other neurotransmitters known to be co-released by VTA
DA neurons (Hnasko et al., 2010; Stuber et al., 2010; Tecuapetla
et al., 2010), we cannot exclude the possibility that photostimulation
caused the release of these transmitters in addition to DA. We also
did not attempt FSCV recordings in eNpHR3.0-expressing slices,
given this would require electrically or optogenetically evoking DA
release, thereby reducing the physiological relevance of any
observed eNpHR3.0-mediated inhibition.
Behaviorally, viral expression per se (i.e., in the absence of light)

did not significantly affect discrimination performance (Cre� =

Fig. 2. DA transients in the NAc associated with discrimination and reversal. (A) Dopamine transients were recorded in the NAc. Example from one trial dur-
ing early reversal. (B) Electrode functionality was verified after the last reversal session by recording spontaneous DA transients after a systemic injection of a
cocaine + sulpiride cocktail. DA CV reflects time of peak DA concentration (arrow). (C) Average DA responses during the correct choice-to-reward period were
significantly greater during early reversal, relative to a 5 s pre-choice baseline. (D) Large increases in DAergic responses in the NAc were observed after correct
choices made during early reversal, but not other stages of reversal or discrimination. The y-axis represents D[DA] from the time of choice. Arrows denote aver-
age time of reward collection. (E) Average DA responses averaged over a 15 s post-error (lights off time-out) period were unaltered at any stage. (F) DA
responses did not change following choice errors at any performance stage. The y-axis represents D[DA] from the time of choice. n = 5–8. Data are
means � SEM. *P < 0.01 vs. pre-choice baseline.
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10.1 � 1.0, Cre+/eNpHR3.0 = 8.1 � 0.5, Cre+/ChR2 = 13.0 � 1.4
sessions to criterion). On early reversal, DA VTA ? NAc neurons
were either photosilenced or photostimulated immediately after each
correct response was made (through to reward collection) by bilater-
ally shining green or blue light, respectively, in the NAc (Fig. 3E, F).
When compared to Cre� controls, photosilencing produced a signifi-
cant increase in total errors in eNpHR3.0-expressing Cre+ mice
(P = 0.0020) whereas photostimulation in ChR2-expressing Cre+
mice was without effect (P = 0.4383) (ANOVA effects of group:
F2,26 = 7.75, P = 0.0023) (Fig. 3G).
Trial-by-trial analysis also revealed a significant increase in

lose ? stay (ANOVA effects of group: F2,26 = 4.88, P = 0.0159; post
hoc: P = 0.0140), lose ? shift (ANOVA effects of group: F2,26 = 4.65,
P = 0.0187; post hoc: P = 0.0253), and win ? shift (ANOVA effects
of group: F2,26 = 4.44, P = 0.0220; post hoc: P = 0.0296) trial-pairs
in response to VTA ? NAc photosilencing (Fig. 3H). Despite an
overall increase in errors and shifts in the microstructure of perfor-
mance in the photosilenced group, choices expressed as the percentage
of the 30 trials “proper” per session (i.e., excluding trials in which cor-
rection errors were made) were not different between the groups
(ANOVA effects of group: P = 0.4229) (Fig. 3I). There was also no
overall effect of group (ANOVA effects of group: P = 0.1002) on
latency to respond or collect reward, though there was a trend for both
measures to be lower in the eNpHR3.0 group (Fig. 3J).
Following early reversal photomanipulations, mice were tested

through to criterion, without light. There was no difference between
groups in sessions to attain reversal criterion, indicating the effect of
photosilencing was limited to the session in which light was shone
without lasting effects on the subsequent light-free sessions. Mice
were then re-retested with light now shone during the pre-response
(i.e., trial-initiation-to-touchscreen-response) period (Fig. 3K). Groups
did not differ on any behavioral parameter (Fig. 3L–O), discounting
possible non-specific (e.g., locomotor) effects of the photomanipula-
tion and suggesting that this pathway is not necessary for the expres-
sion of reversal learning when the new stimulus-reward contingency
is well-established.

Genetic model of augmented striatal DA release

As a complementary approach to the FSCV recordings and optogenet-
ics experiment, we tested D2DAT mutants in which DA release in the
NAc is augmented due to the loss of D2R autoreceptor-mediated inhi-
bitory feedback onto DA neurons (Bello et al., 2011; Holroyd et al.,
2015). Replicating previous findings (Bello et al., 2011), these
mutants were hyperactive in a novel open field test, compared to
floxed controls (WT = 10.60 � 0.75 m, mutant = 13.18 � 0.73 m;
t-test: t15 = 2.38, P = 0.0310, n = 8–9). However, neither discrimina-
tion nor reversal performance was abnormal in the mutants (Fig. S4).

Discussion

In the current study, using FSCV to monitor DA transients in vivo, a
NAc DA signal was observed when a choice between two stimuli
unexpectedly produced reward and reward-associated cues after a pre-
viously learned stimulus-reward contingency was reversed. In addi-
tion, selectively silencing DAergic VTA inputs to the NAc, using
optogenetics, disrupted early reversal performance. These findings
provide a novel demonstration of recruitment of a DAergic response
in the NAc during the updating of stimulus-reward associations and
show how the absence of this signal interferes with the ability to dis-
engage from a previously rewarded stimulus in favor of a now-fruitful
choice.

Prior studies have found that DA release is not necessary for
learning under all circumstances (Cannon & Palmiter, 2003; Flagel
et al., 2011), but generally support the functional importance of DA
signals for stimulus-reward learning, particularly when information
about prior outcomes is needed to update behavior and optimize per-
formance (Zweifel et al., 2009; Parker et al., 2010). In line with
this, the current FSCV data showed that NAc DA release was coin-
cident with unexpectedly rewarded choices at a stage in the task,
early reversal, when expectations stimulus-reward associations are
violated. This increase in phasic NAc DA following correct choices
at early reversal resembles similar FSCV findings obtained in a
nose-poke based spatial reversal task in rats; wherein the magnitude
of NAc, but not DLS, DA transients at this stage predicted success-
ful reversal learning (Klanker et al., 2015, 2017). The current data
also show that post-correct DA signals diminished in tandem with
reversal learning, tracking the establishment of revised expectations
about the availability/unavailability of reward after choices.
In the current analysis, there was no indication of a decrease in

NAc DA (i.e., a negative RPE) when mice made errors on early
reversal choices that were unexpectedly unrewarded. This could be
due to a technical limitation of our FSCV method, given studies
using calcium imaging have been able to observe negative RPE-like
signals in VTA/SN DA inputs to the NAc in a reversal setting (Par-
ker et al., 2016). RPE-like signals in the VTA/SN?NAc pathway
have also been detected with calcium imaging at the time of reward
consumption in other mouse reversal tasks (Parker et al., 2016),
whereas we also failed to observe DA transients following reward
delivery. This again may simply reflect the methodological approach
employed, or could be a function of the prolonged shaping and
training mice receive in this touchscreen task, which make the
reward fully predicted by the time discrimination and reversal train-
ing begins.
A phasic DA signal in the NAc core represents a plausible down-

stream mechanism for the increased midbrain DA neuron firing that
contributes to RPEs (Schultz, 2013; Steinberg & Janak, 2013;
Chang et al., 2016). Thus, an increase in DA after an unexpectedly
rewarded choice at early reversal could be interpreted as evidence of
a positive RPE in the VTA?NAc circuit that serves to update and
adapt behavior in the face of the new stimulus-reward contingency.
Alternatively, post-correct DA responses at this stage of the task
could be explained by the unexpected occurrence of the tone and
magazine light cues (and even the sound of the pellet being deliv-
ered) that signal reward availability after a correct response through-
out training. Such reward-predictive cues are known to be potent
evokers of DA in the NAc and have been shown to causally con-
tribute to cue-invigoration of instrumental responding for reward
(Wyvell & Berridge, 2000; Satoh et al., 2003; Roitman et al., 2004;
Berridge, 2007; Lex & Hauber, 2008; Beierholm et al., 2013;
Pecina & Berridge, 2013; Wassum et al., 2013; du Hoffmann &
Nicola, 2014; Ostlund et al., 2014; Aitken et al., 2016; Collins
et al., 2016a; Corbit & Balleine, 2016). It is worth noting here that
the current task design does not allow for the alignment of DA
responses to the time mice sample the stimuli prior to choice,
because trials are initiated in the reward-magazine location at the
side of the chamber opposite to the touchscreen in order to minimize
attention to the magazine at the expense of the screen.
It seems reasonable to assume that at least some component of

the DA transients following early reversal correct choices reflect
cue-related motivation to collect the reward rather than a “pure”
RPE signal (Hamid et al., 2016). To test this further in future stud-
ies, it could prove informative to parse DA responses to presentation
of reward-signaling cues from the delivery of the reward itself, for
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Fig. 3. Impaired early reversal after VTA ? NAc core photosilencing. (A) AAV-eNpHR3.0 or AAV-ChR2 was injected into VTA of DAT-Cre mice (DAT).
DAT immunostaining (upper) and EYFP expression in a Cre+ mouse injected with AAV-eNpHR3.0 (scale bar = 200 lm). (B) Higher magnification images
showing DAT immunostaining (upper), EYFP expression (middle), and merged (lower) in a Cre+ mouse injected with AAV-eNpHR3.0 (scale bar = 100 lm).
(C) AAV-eNpHR3.0 infected ~ 80% of DAT+ VTA neurons in Cre+ mice and but no neurons in Cre� controls. (D) Representative images depicting virus
expression in VTA fibers in the NAc in a Cre+ mouse injected with AAV-eNpHR3.0 (scale bar = 500 lm; high magnification scale bar = 50 lm). (E) Optical
fibers were targeted at the NAc and VTA DAergic inputs to NAc core were photosilenced or photostimulated after a correct choice was made during early
reversal. (F) Placement of optical fibers in the NAc. (G) Photosilencing increased the number of errors during early reversal (n = 7–13). (H) Photosilencing
increased the number of lose-stay trials during early reversal. (I) Neither photosilencing nor photostimulation altered overall performance during early reversal.
(J) Latencies to make a choice or collect a reward were not affected by photosilencing or photostimulation. (K) Photosilencing and photostimulation between
trial initiation and choice was repeated during late reversal. (L-N) Neither photosilencing nor photostimulation affected behavioral performance during late rever-
sal. Data are means � SEM. *P < 0.05 vs. DAT-Cre� controls, **P < 0.01.
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example by simply omitting the cues (Lederle et al., 2011).
Notwithstanding, a motivational account of the current data would
fit with the more general notion that NAc DA is recruited when the
cost of responding is physically effortful and demands high incen-
tive motivation (Day et al., 2010; Salamone et al., 2016). Indeed,
ramping NAc DA responses, similar in pattern to those currently
observed, have been associated with reward-anticipatory action-
sequences directed toward the location in which reward is presented
(Howe et al., 2013). Importantly, these responses scale with the size
and proximity of the reward (Hamid et al., 2016), diminish with
training and, in a parallel with the current DA response to unex-
pected reward, recover with an unexpected change in reward value
(Collins et al., 2016b).
In this context, it was noteworthy that DA transients were not

seen when mice made correct choices during the early discrimina-
tion phase, despite this being an unexpected outcome to touching
what is a novel stimulus. This differs from prior FSCV studies
showing DA responses at early stages of operant learning (Willuhn
et al., 2012; Klanker et al., 2015, 2017; Collins et al., 2016a;
Hamid et al., 2016). Differences in electrode design (chronic vs.
acute) and species (mouse vs. rat) may have contributed to differ-
ences between the observations reported here and in previous studies
(Rodeberg et al., 2017). Another consideration, already alluded to
above, is that by the start of discrimination testing, mice have
already been through extensive pre-training, during which responses
at a range of novel, interchangeable stimuli are rewarded. This expe-
rience may have lessened the surprise of being rewarded for touch-
ing the correct stimulus in the novel discrimination pair. This differs
from early reversal; here the two stimuli are equally familiar and
each now comes with a clear expectation about their respective out-
comes.
Photosilencing VTA DAergic inputs to the NAc immediately after,

but not before, unexpectedly rewarded choices produced disruptions
to performance during early reversal. This aligns with our FSCV data
showing NAc DA release at this stage and suggesting a functional role
for this pathway in updating behavior to accommodate the change in
stimulus-reward contingency. However, impaired early reversal per-
formance after VTA ? NAc photosilencing differs from the finding
that dorsomedial striatum, but not NAc (core or shell), lesions in rats
failed to affect spatial reversal learning (Castane et al., 2010), as well
as pharmacological data, again in rats, showing that NAc D2R ago-
nism, but not D1R or D2R blockade, also left spatial reversal learning
intact (Haluk & Floresco, 2009). There are a number of potential rea-
sons for these apparent discrepancies, including species (rat vs.
mouse), task (spatial/lever-press vs. visual/touchscreen), temporal res-
olution (permanent lesions and long-lasting pharmacological effects
vs. post-correct-choice-specific silencing), and the specificity of the
manipulation (pan-regional lesion and receptor-restricted antagonism
vs. VTA input-specific). There is also the possibility that while virus
and optical fibers were targeted to the NAc core, some inhibition may
also have occurred in the NAc shell. Our photomanipulations could
also have caused antidromic stimulation of DA neurons and resultant
changes in activity in other VTA DA targets (Jennings & Stuber,
2014). Finally, and as already noted, there are unknown behavioral
consequences of co-released glutamate or other transmitters from DA
neurons (Hnasko et al., 2010; Stuber et al., 2010; Tecuapetla et al.,
2010; Yoo et al., 2016).
While the current data show that VTA ? NAc photosilencing

increased errors on early reversal, this was not paralleled by reduc-
tion in the overall number of correct choices made on the 30 session
trials “proper” (i.e., excluding correction error trials). The increase
in errors did not appear to be due to a non-specific increase in

responding because silencing applied, albeit at pre-choice, once mice
had attained reversal criterion was without effect. This paradoxical
combination of a high error rate with overall intact correct perfor-
mance can occur in this task when the act of committing repeated
errors on correction trials eventually feeds into benefit correct per-
formance later in the session. An alternative, more straightforward
explanation, is that because early reversal correct responding is
already low in controls, any deficit due to silencing would be diffi-
cult to detect. Nonetheless, the behaviorally impairing effect of
silencing generally concurs with Parker et al. (2016) recent observa-
tion that silencing VTA/SN DA neurons, from trial initiation to
reward receipt, reduces selection of the rewarded stimulus on subse-
quent trials, although in their study, limiting silencing to the post-
choice period was ineffective. A valuable experiment to better com-
pare these studies would involve adapting our procedure to silence
after early reversal errors, rather than correct choices. Another useful
design modification would be to test for effects at later performance
stages by applying post-choice photomanipulations at other perfor-
mance stages or, as in other recent work (Bergstrom et al., 2018),
throughout the entirety of testing to criterion.
Electrical stimulation of VTA neurons disrupts the utilization of

negative feedback from previous trials to avoid making risky
choices on subsequent trials (Stopper et al., 2014) and in an oper-
ant spatial reversal task that is conceptually closer to ours, photo-
stimulating VTA DA (TH-Cre+) neurons has been shown to
improve performance (Adamantidis et al., 2011). By contrast, pho-
tostimulating the VTA ? NAc pathway after early reversal correct
choices did not produce a change in performance to mirror the
decrement seen with photosilencing. Of course, low ChR2 expres-
sion, inadequate distribution of light or suboptimal electrode place-
ment could all potentially account for this negative finding. An
alternative explanation for this lack of an effect is that given cor-
rect choices already produce a significant DA transient, artificially
augmenting release to supra-threshold levels may be without bene-
fit to performance.
Indirectly supporting this argument, mutant mice with augmented

NAc DA release due to deletion of the D2 autoreceptor on DA neu-
rons did not exhibit improved reversal. There are, however, reports
of improved learning in these D2 autoreceptor mutants, albeit in
tasks quite distinct from the current reversal paradigm (e.g., fixed
ratio responding for cocaine) (Bello et al., 2011; Holroyd et al.,
2015). It should also be borne in mind that we did not record DA
release with FSCV and therefore cannot be certain there was in fact
augmented task-related DA release in the mutants. Moreover, while
this mutation affects DA release in the NAc, it does not spatially
dissociate DA effects in the NAc and DS, or for that matter any
other striatal subregion or non-striatal target of midbrain DA cells.
Nonetheless, the suggestion that photostimulation was unable to

improve reversal performance because it was augmenting an already
present DA signal, agrees with prior work showing that DA neu-
ronal photostimulation can serve as a RPE signal to promote learn-
ing by generating DA activity around stimuli that are in and of
themselves insufficient to evoke an increase in DA (e.g., blocking,
extinguished, preconditioned, or unconditioned stimuli) (Iordanova
et al., 2006; Witten et al., 2011; Kim et al., 2012; Steinberg et al.,
2013; Sharpe et al., 2017). One way to reconcile these findings with
the current data, would be to couple photostimulation with simulta-
neous DA recordings as mice perform the reversal task and deter-
mine whether or not NAc DA responses are exaggerated by
photostimulating the VTA inputs. The findings would provide fur-
ther insight into whether artificially augmenting DA release is suffi-
cient to facilitate reversal and other forms of cognitive flexibility.
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In sum, the current data provide further evidence that DA release
in the NAc is evoked when learned expectations about stimulus-
reward relationships are violated, and also show that interfering with
DA release in VTA ? NAc neurons is sufficient to disrupt behav-
ioral performance during early reversal. These findings offer new
insight into how dysfunction of DA signaling in specific neural cir-
cuits might contribute to inflexible patterns of behavior characteriz-
ing addictions and other neuropsychiatric disorders.

Supporting Information

Additional supporting information may be found online in the Sup-
porting Information section at the end of the article:

Fig. S1. Absence of altered DA release in the NAc at the time of
reward collection.
Fig. S2. Representative images depicting virus expression in VTA
and NAc of DAT-Cre mice.
Fig. S3. FSCV recordings showing light-evoked DA release in
ChR2-infected NAc fibers.
Fig. S4. Normal behavior in a genetic model of augmented NAc
DA release.
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