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Decades of research have shown that the NAc is a critical region influencing addiction, mood, and food consumption through
its effects on reinforcement learning, motivation, and hedonic experience. Pharmacological studies have demonstrated that in-
hibition of the NAc shell induces voracious feeding, leading to the hypothesis that the inhibitory projections that emerge
from the NAc normally act to restrict feeding. While much of this work has focused on projections to the lateral hypothala-
mus, the role of NAc projections to the VTA in the control food intake has been largely unexplored. Using a retrograde viral
labeling technique and real-time monitoring of neural activity with fiber photometry, we find that medial NAc shell projec-
tions to the VTA (mNAcfiVTA) are inhibited during food-seeking and food consumption in male mice. We also demonstrate
that this circuit bidirectionally controls feeding: optogenetic activation of NAc projections to the VTA inhibits food-seeking
and food intake (in both sexes), while optogenetic inhibition of this circuit potentiates food-seeking behavior. Additionally,
we show that activity of the NAc to VTA pathway is necessary for adaptive inhibition of food intake in response to external
cues. These data provide new insight into NAc control over feeding in mice, and contribute to an emerging literature eluci-
dating the role of inhibitory midbrain feedback within the mesolimbic circuit.
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Significance Statement

The medial NAc has long been known to control consummatory behavior, with particular focus on accumbens projections to
the lateral hypothalamus. Conversely, NAc projections to the VTA have mainly been studied in the context of drug reward.
We show that NAc projections to the VTA bidirectionally control food intake, consistent with a permissive role in feeding.
Additionally, we show that this circuit is normally inactivated during consumption and food-seeking. Together, these findings
elucidate how mesolimbic circuits control food consumption.

Introduction
Poor diet is the number one health risk factor in the United
States (U.S. Burden of Disease Collaborators, 2018), contributing
to nearly half of all cardiometabolic deaths (Micha et al., 2017).
While half of overweight and obese people report dieting in the

last year (Snook et al., 2017), few are successful, with an average
of just 23% of initial weight loss maintained 5 years after a struc-
tured weight loss program (Anderson et al., 2001). Identification
of the neural circuitry that controls feeding cessation is also criti-
cal for understanding eating disorders and developing effective
interventions.

The NAc is a key region controlling the inhibition of food
consumption. Electrophysiological investigations have demon-
strated that approximately half of NAc shell neurons reduce fir-
ing rate before consumption (Taha and Fields, 2006; Krause et
al., 2010). Additionally, pharmacological inactivation of the NAc
with GABA receptor agonists (Stratford and Kelley, 1997; Basso
and Kelley, 1999) and glutamate antagonists (Maldonado-
Irizarry et al., 1995) results in dramatic increases in feeding.
Conversely, electrical stimulation of the NAc and optogenetic
activation of glutamatergic fibers within the NAc inhibit con-
sumption (Krause et al., 2010; Prado et al., 2016). These data are
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consistent with a proposed “sensory sentinel” role for the NAc,
whereby it allows for feeding during times of safety and triggers
rapid cessation of feeding in response to a threat (Kelley et al.,
2005). While previous research has focused on the NAc projec-
tions to the lateral hypothalamus (LH) as a key downstream
mediator (Maldonado-Irizarry et al., 1995; Stratford and
Wirtshafter, 2012a; Urstadt et al., 2013; O’Connor et al., 2015),
the contribution of other NAc targets to this feeding role remains
less clear.

There is anatomic and functional evidence that NAc projec-
tions to the VTA may also mediate feeding behavior. The strong-
est response effects produced by NAc inactivation are observed
in the rostromedial portion of the NAc shell (Reynolds and
Berridge, 2001). The VTA is a direct target of this region of the
NAc (Zahm and Heimer, 1993; Usuda et al., 1998; Yang et al.,
2018), and GABAA and m-opioid agonist infusions into the NAc
increase c-Fos activation in the VTA (Stratford and Kelley, 1999;
Zhang and Kelley, 2000). Moreover, feeding induced by NAc in-
hibition is dependent on intact GABAA and GABAB signaling in
the VTA (Miner et al., 2010), and NAc m-opioid agonist induced
feeding is blocked by simultaneous inactivation of the VTA (Will
et al., 2003). Recently, projections from medial NAc (mNAc) to
the VTA has attracted renewed interest, particularly in mediating
response to drugs of abuse (Bocklisch et al., 2013; Edwards et al.,
2017; Gibson et al., 2018). However, the role of direct
mNAc!VTA projections in food intake and related behaviors
remains unclear (Yang et al., 2018). We hypothesized that inhibi-
tory NAc projections to the VTA play a role in permitting food
intake.

Materials and Methods
Animals
Male and female Drd1a-Cre(1) mice and Drd1a-Cre(�) littermate con-
trols (strain EY262, Gensat, back-crossed at least 10 generations to a
C57BL/6J background, RRID:MMRRC_017264-UCD) weighing 20–30 g
were used for photo-stimulation and Syb2-eGFP tracing studies. Female
Drd2-Cre(1) mice and Drd2-Cre(�) littermate controls (strain ER44,
Gensat, backcrossed at least 10 generations to a C57BL/6J background,
RRID:MMRRC_032108-UCD) weighing 20-30 g were used for these
studies for Syb2-eGFP tracing studies. Male C57BL/6J background mice
(JAX:000664, RRID:IMSR_JAX:000664) weighing 20-30 g were used for
fiber photometry and photo-inhibition studies. Mice that were reused
across experiments are noted below in Materials and Methods. No sex
differences were observed in these experiments. Consequently, we used
exclusively male animals in the photo-inhibition and fiber photometry
experiments.

All animals were group housed. Animals were on a 12 h light-dark
cycle and provided standard chow and water ad libitum, except during
behavioral training, and all animal procedures were performed in ac-
cordance with the protocol approved by the Yale Institutional Animal
Care and Use Committee. During behavioral studies, animals were food
restricted to 85%-90% body weight, unless otherwise specified. For food
pellet training, animals consumed 20mg chow pellets (Bio-Serv F0163),
20mg sweetened chow pellets (Bio-Serv F0071), or 20mg high-fat (HF;
35%) pellets (Bio-Serv F07162). For licking experiments, California
Farms Organic Sweetened Condensed Milk was diluted to 10% by vol-
ume with tap water.

Viral production and surgical procedures
Viral production for AA2V-EF1a-DIO-Syb2-eGFP was accomplished
using a triple-transfection, helper-free method and purified as described
in detail previously (Hommel et al., 2003), using the flox-eGFP-synapto-
brevin fusion construct (Land et al., 2014). AAV2-EF1a-DIO-hChR2
(H134R)-eYFP and AAV2-EF1a-DIO-eNPHR3.0-eYFP were purchased
from the UNC Vector Core. AAV1-Syn-DIO-GCaMP6s-WPRE and

AAV6.2-CMV-PI-Cre-rBG were purchased from the Penn Vector
Core. We purchased rgAAV2-pmSyn1-eBFP-Cre and AAV2-hSyn-DIO-
mCherry from Addgene.

Animals were anesthetized with 10% ketamine and 1% xylazine and
placed in a stereotaxic frame (Stoelting). For photo-stimulation experi-
ments, after craniotomy, Drd1a-Cre(1) mice or Drd1a-Cre� mice were
bilaterally injected with 0.5ml of AAV2-EF1a-DIO-hChR2-eYFP into the
mNAc (AP 1.2, ML �0.6, DV �4.4) and a bilateral optical fiber cannula
(200 mm core, 0.22NA, Doric Lenses) was immediately placed into the
VTA (AP �3.0, ML �0.35, DV �4.6). For photo-inhibition experi-
ments, WT mice were bilaterally injected with 0.5ml of either AAV2-
EF1a-DIO-eNPHR3.0-eYFP or AAV2-hSyn-DIO-mCherry in the mNAc
and 0.3ml of rgAAV2-pmSyn1-eBFP-Cre into the VTA, with a bilateral
optical fiber immediately placed into the mNAc at the same location
(200mm core, 0.22NA, Doric Lenses). For synaptic tracing experiments,
Drd1a-Cre(1) or Drd2-Cre(1) animals receiving 0.5ml AAV2-EF1a-
DIO-Syb2-EGFP in the mNAc were not cannulated. For fiber photome-
try experiments, WT mice were unilaterally injected with 0.5ml of
AAV1-Syn-DIO-GCaMP6s into the mNAc and 0.3ml of either rgAAV2-
pmSyn1-eBFP-Cre or AAV6.2-CMV-PI-Cre-rBG into the ipsilateral
VTA, with unilateral optical fiber (400 mm core, 0.48NA, Doric Lenses)
immediately placed into the mNAc at the same location. Each injection
consisted of;1012 infectious particles per milliliter. Viral injections into
the NAc were targeted to the medial shell, although some viral spread
was detected in the medial core. Animals recovered for at least 2weeks
before behavioral testing.

The rgAAV2 and AAV6.2 serotypes were chosen for demonstrated
high retrograde transduction efficiency (Aronoff et al., 2010; Löw et al.,
2013; Salegio et al., 2013; Tervo et al., 2016). Based on histology, we
observed qualitatively higher retrograde efficiency with the rgAAV2
serotype, but no difference in the photometry signal. Consequently, data
from these groups were analyzed together.

Apparatus
For operant experiments, an operant chamber (Med Associates) was
outfitted with a house light, two cue lights, and two nose ports (one
active, one inactive) adjacent to the magazine. Nose port and magazine
entry were monitored by IR beam breaks. For the lick distractor test, an
operant chamber (Med Associates) was outfitted with a water bottle and
electrical lick detection, two cue lights, and two auditory stimuli (tone
and white noise). For fiber photometry experiments, chambers with ei-
ther three ports on the opposite side from the magazine or two ports on
the same side as the magazine were used. For conditioned place prefer-
ence (CPP) experiments, a three-chamber apparatus (Med Associates),
with distinguishable flooring and wall patterning in opposing chambers,
was used. Behavioral activity was assessed using Med PC IV software for
all experiments.

Optogenetics
Indwelling fiber optic cannulae were connected via dual fiber optic patch
cord (200 mm core, 0.22NA, Doric Lenses) to an intensity dividing ro-
tary joint (FRJ_1x2_FC-2FC; Doric Lenses). The rotary joint was further
connected via mono fiber optic patch cord (200 mm core, 0.22NA,
Doric Lenses) to a blue (473nm; OEM Laser Systems) or yellow laser
(593.5 nm; OEM Laser Systems) located outside of the chamber. All
photo-stimulation (473nm) protocols were performed with a 10Hz,
15ms pulse width protocol. All photo-inhibition protocols (593.5 nm)
were performed with near constant light (1min on, 1ms off). Light
transmission efficiency of fiber optic cannulae was measured before sur-
gery. Based on the light transmission efficiency measured before surgery,
laser power was adjusted before each animal session to achieve ;5 mW
power at the tip of each optic cannula.

Free feeding
Animals were tethered and placed in a polycarbonate cage without bed-
ding, and two plastic weight boats were tapped to the cage in opposing
corners. Animals could freely consume 20mg sweetened chow pellets
from both weight boats for 30 min. On choice experiments, animals
could freely choose between 20mg HF pellets and 20mg chow pellets in
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the same apparatus. During training, animals were tethered to the fiber
optic patch cord, and consumption over 3min periods was monitored
by experimenter for at least 3 d to habituate animals to the experimenter
and chamber. On the test day, animals were noncontingently photo-
stimulated in 3min off/on epochs, and pellet consumption was recorded.
Four of the male Cre(1) mice used for the HF versus chow choice test
had been used previously for the chow free feeding experiment, sepa-
rated by at least 2 d between stimulation.

Operant behavior
Animals were first given access to 20mg sweetened chow pellets in their
home cage before testing. Animals were then trained to enter the maga-
zine to retrieve a pellet. Each pellet was delivered 10 s after the prior pel-
let retrieval. Animals were trained for a minimum of 2 d and until .30
pellets were earned in a single session. After magazine training, animals
were trained without optic fiber tethering on an FR1 task, in which each
nose poke was rewarded with a pellet. A new trial did not begin until
animals entered the magazine to retrieve the pellet. Retrieval was fol-
lowed by a 5 s intertrial interval, after which the nose poke port was reac-
tivated, indicated by a cue light. Training continued until .40 pellets
were earned in a single 30min session. Mice were then tethered to the
optic fiber and trained for an additional 6 d. To prevent delivered pellets
from triggering a false-positive magazine entry, those entries that
occurred within 300ms of a nose poke were discarded. After training,
animals were tested with either photo-stimulation or photo-inhibition in
3min off/on epochs during a 30min FR1 session. For the photo-stimula-
tion experiment, 5 of the Cre(1) males and 5 males and 2 females of the
Cre(–) mice were used in the HF versus chow pellet test, separated by at
least 2 d between stimulation.

Progressive ratio
After FR1 testing, a separate cohort of animals were tested using a pro-
gressive ratio schedule of reinforcement, in which each subsequent
reward required exponentially more nose poke responses based on the
formula (5� e0.2n)� 5, rounded to the nearest integer, where n = num-
ber of rewards earned (Richardson and Roberts, 1996). Each nose poke
elicited 3 s of photo-stimulation. The session ended when 10min had
elapsed without the animal earning a reward.

Food-induced CPP
Animals were first allowed to habituate to a three-chamber apparatus for
15min. The following day, animals were tethered to the optical patch
fiber placed into the middle chamber of the apparatus and allowed to
explore all chambers for 15min to provide an index of individual cham-
ber preference. Animals were pseudo-randomly assigned for condition-
ing experiments to their preferred or nonpreferred chamber. Across 6 d,
animals were restricted to one chamber for 30min. On alternating days,
food was placed in one chamber (e.g., paired chamber) and the other
chamber contained no food (nonpaired side). After conditioning, ani-
mals were tethered and allowed to explore for 15min, with each entrance
to the food-paired side inducing photo-stimulation. Time spent in each
chamber was measured. All Cre(1) and Cre(–) mice used here had been
used in the FR1 or progressive ratio operant experiments, separated by
at least 2 d between stimulation.

Lick distractor test
Animals were food-deprived overnight before being placed into an oper-
ant chamber with 10% sweetened condensed milk in a water bottle
equipped with an electrical lick detection system. Animals were main-
tained on mild food deprivation, 95%-100% body weight (average 99%
body weight), for the rest of the experiment. Animals were allowed to
freely lick for 30min each day. Training continued for a minimum of
5 d, and variation in total licking across 2 consecutive days was, 30%.
For testing, photo-inhibition was performed in 5min epochs, for a total
of three off and three on epochs. To account for greater variability in
licking compared with food consumption behaviors, 5min laser epochs
were used. During light on epochs, lick initiation (three consecutive licks
within 1.5 s) triggered the presentation of a 500ms auditory1 visual dis-
tractor. To prevent habituation to the distractor cues, the combination

of distractor cues was randomly chosen from two auditory stimuli (tone
or white noise) and two visual stimuli (oppositely placed cue lights). All
mCherry and Halo-expressing mice were used in both the FR1 inhibi-
tion operant experiment and the lick distractor test, separated by ;7 d
between experiments.

Locomotor test
Animals were tethered to the optic patch cord and placed in a polycar-
bonate cage without bedding, surrounded by an open field chamber
with 16 infrared beams (Med Associates, ENV-515). Animals were
allowed to habituate in the chamber for 30min and then photo-stimu-
lated in 3min off/on epochs for 30min. Five males and 2 females of
the Cre(1) mice and 6 males of the Cre(–) mice were used in the
operant FR1 experiment, separated by at least ;2 d between
experiments.

Photometry
Mice with indwelling 2.5 mm fiber optic ferrule were briefly anesthetized
and connected to a fiber optic patch cord (400 mm core, 0.48NA; Doric
Lenses), held in place by a zirconia sleeve. Animals were allowed to
recover and move freely. Ratiometric fiber photometry was performed
as previously described (Lerner et al., 2015), with each LED set to 40mW
power at the end of the patch cord. These signals were then combined
by a longpass dichroic mirror (DMLP425; Thorlabs) and collimated into
the fiber optic patch cable.

Using custom script written in MATLAB software, each signal was
low pass filtered with a cutoff frequency of 2Hz. The 490 nm excitation
signal was regressed against the 405 nm control signal, and DF/F was cal-
culated using the 490 nm residuals (490nm residuals/490nm predicted).
Behavioral events from the operant chamber (rewarded pokes, nonre-
warded nose pokes, and magazine entries) were recorded via TTL signals
generated by Med-PC IV (Med Associates). Nonrewarded nose pokes af-
ter a correct nose poke and nonrewarded nose pokes during the intertrial
interval were algorithmically categorized as perseverative and premature,
respectively. The DF/F signal from each trial was normalized by a z score
generated from the �5 s to�2 s before the behavioral event. Area under
the curve (AUC) was calculated by integrating the 2 s before a behavioral
event, the 2 s after a behavioral event, and the subsequent 2 s (2-4 s after
event).

Video recordings of each session were collected, and the time of pel-
let consumption was visually confirmed to correspond with a magazine
entry. Additionally, mice often made consecutive magazine entry beam
breaks while staying in the magazine to search for and retrieve food pel-
lets. To algorithmically categorize consecutive magazine entries, maga-
zine entries followed by a consumption event, nose poke, or .5 s until
the next consecutive magazine entry were considered the end of a maga-
zine bout. This allowed us to separate magazine entries into consumma-
tory and nonconsummatory bouts of magazine activity.

Histology
Immunohistochemistry was performed on all mice that underwent viral
surgery and experimentation. The sample sizes provided in the results
for each experiment reflect the number of animals used for immunohis-
tochemistry. Animals were deeply anesthetized and intracardially per-
fused with 4% PFA. The brain was removed and postfixed in PFA; and
after immersion in sucrose, 40mm sections were made on a freezing
microtome and stored in 1� PBS with 0.01% sodium azide. Im-
munohistochemistry was performed according to methods described
previously (Narayanan et al., 2012). Staining for TH (mouse anti-TH;
Millipore MAB318, RRID:AB_2201528; 1:10,000), GFP (chicken anti-
GFP; Abcam ab13970, RRID:AB_300798; 1:1000), or Cre (mouse anti-
Cre; Millipore MAB 3120, RRID:AB_2085748; 1:1000) with secondary
antibodies (Alexa-405, Alexa-488, Alexa-555; Abcam 175658 RRID:AB_
2687445, Jackson ImmunoResearch Laboratories 703-545-155 RRID:
AB_2340375, Thermo Fisher Scientific A31570 RRID:AB_2536180) was
performed in 3% normal donkey serum and 0.3% Triton X-100. Tissue
was visualized and images were captured using a fluorescent microscope
(Carl Zeiss) using standard DAPI, FITC, and TRITC filter cubes.
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Statistical analyses
No statistical methods were used to predeter-
mine sample sizes, but our sample sizes are simi-
lar to those reported in previous publications.
Cage littermates were assigned to experimental
or control groups on the basis of genotype and
were age- and weight-matched. Comparisons
were made between Drd1a-Cre(1) and Drd1a-
Cre(�) animals, and between mCherry and
Halo-expressing animals, using a two-way
ANOVA (with light, genotype, time, and cham-
ber as factors). An unpaired two-tailed t test was
used for analysis of progressive ratio respond-
ing, and a Kolmogorov–Smirnov test on the
pooled frequency distribution (by genotype) of
nose pokes during progressive ratio responding.

To test the hypothesis that magazine entries
and nose pokes were correlated with a signifi-
cant change in fiber photometry fluorescence,
we used a bootstrap method in which 10 s of flu-
orescence was randomly sampled from each ani-
mal’s session, with replacement, proportional to
the number of trials each animal performed.
The random samples were z-scored as described
above, and the mean was calculated. We per-
formed 1000 iterations, allowing us to generate
99% CIs for changes in fluorescence during a
10 s period.

To analyze dynamic changes in fluorescence
and compare behavioral trials types, AUCs were
analyzed using a linear mixed-effects model in R
(R project; http://www.r-project.org) to account for the imbalance in
trial number between mice and imbalance in trial types within mice.
This imbalance in the number of observations prevented the use of
ANOVA for data analysis. Linear mixed-effects models, however, are
able to account for datasets consisting of different numbers of observa-
tions, such as that reported here. In this linear mixed-effects model,
epoch and outcome type were included as repeated, fixed effects and
subject included as a random effect. Post hoc tests of significant interac-
tions consisted of computing low-order comparisons between outcome
type (consumption vs no consumption).

Threshold for significance was set at p, 0.05 for all tests of signifi-
cance. GraphPad Prism 7.0 (RRID:SCR_002798) was used for analysis
for all behavioral data and R statistical package (RRID:SCR_001905)
along with custom-written MATLAB 2017b software (RRID:SCR_
001622) for photometry data. Code is available on request. Error bars
indicate SEM.

Results
Medial D1 accumbens neurons project throughout the
rostrocaudal extent of the ventral VTA
Circuit tracing studies using retrograde chemical tracers have
characterized the NAc projections to the VTA as solely express-
ing dopamine D1 receptors (Bocklisch et al., 2013; Edwards et
al., 2017; Yang et al., 2018) or containing a minority D2 projec-
tion (Lu et al., 1998; Gibson et al., 2018). To determine the pat-
tern of D1- and D2-expressing NAc projections within the VTA,
we used a genetically defined anterograde viral tracing strategy
(Fig. 1A). AAV2-EF1a-DIO-Syb2-EGFP was injected into the
mNAc of D1rd1a-Cremice (D1-Cre, n=7, all female), leading to
robust expression in the mNAc shell (Fig. 1B). The use of the
Syb2-eGFP fusion protein enabled identification of NAc synaptic
innervation within the VTA (Land et al., 2014). The bulk of syn-
apses frommNAc were observed in the medioventral VTA (adja-
cent to intrafascicular nucleus and paranigral area) throughout
the rostrocaudal extent of the of the VTA (Fig. 1C,D). Putative

VTA dopaminergic (VTA-DA) neurons were identified by im-
munohistochemical labeling of TH1 cells. In the rostral VTA,
NAc synapses were largely ventral to VTA-DA neurons (Fig.
1C). In the medial and caudal VTA, synaptic contacts were
observed adjacent to VTA-DA neurons (Fig. 1D,H). Minimal
Syb2-eGFP expression was detected in the VTA of Drd2a-Cre
animals (Fig. 1I,J), consistent with less innervation from D2-
expressing neurons into the VTA. The images selected for D2
projections to the VTA represent the stronger examples of the
observed staining.

Photo-stimulation of mNAcfiVTA inhibits food
consumption
We next sought to determine the functional role of this pathway
in food consumption. We injected AAV2-EF1a-DIO-hChR2-
eYFP into the mNAc of D1-Cre(1) or D1-Cre(–) littermates and
implanted an optical fiber in the VTA to stimulate VTA-projec-
ting terminals (Fig. 2A). Food-deprived animals were tethered
and allowed to freely consume sweetened chow pellets from plas-
tic dishes on either side of a polycarbonate cage (Fig. 2D).
During training, consumption was monitored for at least 3 d to
allow the animals to habituate and generate a stable baseline
(,25% variation from 3 d average). We found that photo-stimu-
lation of the mNAc!VTA pathway inhibited food consumption
in the Cre(1) group during laser-on epochs (Fig. 2E; 2�
repeated-measures ANOVA, genotype [Cre–, Cre1] � time,
F(9,126) = 5.07, p= 7.57 � 10�6, n=7 [4 males and 3 females] for
Cre(–) and n= 9 [7 males and 2 females] for Cre(1);
Bonferroni-corrected post hoc analysis showed significant differ-
ence between genotypes during laser-on epochs, *p, 0.05).
Total consumption was reduced in Cre(1) but not Cre(–) ani-
mals (Fig. 2F; 2� repeated-measures ANOVA, genotype [Cre–,
Cre1] � light [on, off], F(1,14) = 18.7, p=6.98 � 10�4;
Bonferroni-corrected post hoc analysis showed significant differ-
ence of laser epoch of the Cre(1) group, ****p, 0.0001).

Figure 1. mNAc D1 neurons project throughout the rostrocaudal extent of the VTA. A, Schematic showing injection of
AAV2-EF1a-DIO-Syb2-EGFP into the NAc shell and medial core of D1-Cre animals. B, Fluorescent image showing Syb2-
eGFP expression (green, 488 nm) in the NAc of a D1-Cre mouse. C, D, Fluorescence image showing Syb2-eGFP (green,
488 nm) in the ventral portion of the VTA, throughout rostrocaudal extent, adjacent to TH1 neurons (blue, 405 nm).
Region of high magnification in E, F highlighted (dotted line box). E, Fluorescent image showing Syb2-eGFP expres-
sion (green, 488 nm) in the NAc of a D2-Cre mouse. F, Fluorescence image without visible expression of Syb2-eGFP in
the VTA (green, 488 nm). G, H, High-magnification confocal image showing Syb2-eGFP (green, 488 nm) expression
interspersed among TH1 cells (blue, 405 nm). Shown without (G) and with 405 channel imaging (I). LV, Lateral ven-
tricle; ac, anterior commissure; LS, lateral septum. I, J, High-magnification confocal image showing minimal Syb2-eGFP
in the VTA (green, 488 nm) expression interspersed among TH1 cells (blue, 405 nm). Shown without (I) and with
405 channel imaging (J).
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Previous research has implicated the mNAc!VTA pathway
in the control of HF consumption (Will et al., 2003). To deter-
mine whether activation of the mNAc!VTA circuit preferen-
tially affects macronutrient intake, we injected AAV2-EF1a-DIO-
hChR2-eYFP into the mNAc of D1-Cre(1) mice. Animals were
trained to freely choose between chow pellets and HF pellets
(Fig. 2G). We found a reduction in consumption of both regular
chow and HF pellets, but no difference in food preference (Fig.
2H; 2� repeated-measures ANOVA, condition [chow, HF] �
time; F(9,54) = 0.187, p=0.995; main effect of time, F(9,54) = 6.917,
p=1.49� 10�6, n=7 [5 males and 2 females]). Total chow pellet
and total HF pellet consumption were both reduced following
stimulation (Fig. 2I; 2� repeated-measures ANOVA, condition
[chow, HF] � light [on, off], F(1,6) = 0.168, p= 0.696; main effect
of laser epoch, F(1,6) = 32.8, p= 0.001).

Photo-stimulation of mNAcfiVTA inhibits operant
responding for food without affecting motivation or
locomotion
The exact mechanism by which the accumbens mediates intake
is unclear. One possibility is that the NAc efferents exert control
over the motor circuits underlying consummatory actions
(Kelley et al., 2005; Baldo and Kelley, 2007). To determine

whether activation of the mNAc!VTA
circuit inhibited consumption through
direct inhibition of consummatory motor
actions, animals were trained to oper-
antly respond for sweetened chow pel-
lets on an FR1 schedule and then tested
with photo-stimulation during the FR1
task. We injected AAV2-EF1a-DIO-
hChR2-eYFP into the mNAc of D1-Cre
(–) and D1-Cre(1) and found that acti-
vation significantly reduced operant
responding during the session (Fig. 3A;
2� repeated-measures ANOVA, genotype
[Cre–, Cre1] � time, F(9,162) = 2.60,
p=0.0079; n=13 [10males and 3 females]
for Cre(1); and n=7 [5 males and 2
females] for Cre(–); Bonferroni-corrected
post hoc analysis showed significant differ-
ence between genotypes during first laser
epoch, **p, 0.001, *p, 0.05). The re-
duction in pellets consumed toward the
end of the session (in both stimulated and
nonstimulated) is most likely due to a sati-
ety effect. Summated operant responding
for food across the entire session was sig-
nificantly different (Fig. 3B; 2� repeated-
measures ANOVA, genotype [Cre–,
Cre1] � light [on, off], F(1,18) = 4.73,
p=0.0431; Bonferroni-corrected post hoc
analysis showed significant difference
in laser epoch of the Cre(1) group,
**p, 0.01). These results demonstrate
that mNAc!VTA circuit activation
suppresses both food-seeking and food
consumption, and provides additional
evidence that NAc feeding effects are not
solely due to impairment of consumma-
torymotor functions.

We next sought to determine whether activation of the
mNAc!VTA circuit reduced the motivation to consume,
thereby decreasing intake. To test this, animals trained on the
FR1 schedule were then tested on a progressive ratio schedule, in
which each pellet requires a greater number of nose pokes.
Photo-stimulation was triggered for 3 s after every nose poke.
We found a reduction in response rate, resulting in longer times
to reach break point for Cre(1) animals (Fig. 3C; Cre(–), Cre
(1), Kolmogorov–Smirnov test, D=0.127, p=5.04 � 10�16;
n= 4 [2 males and 2 females] for Cre(–); and n= 5 [4 males and 1
female] for Cre(1)). However, activation of the mNAc!VTA
circuit had no effect on the number of pellets earned, a measure
of motivation (Fig. 3D; unpaired t test, p=0.643, t=0.484).

One potential concern is that activation of the mNAc!VTA
pathway inhibits locomotion, leading to a general reduction in
behavior and possibly the slower responding rate observed under
the progressive ratio schedule. Animals were tested in an open
field chamber, with laser noncontingently activated in 3min
epochs after 30min of habituation. We found a nonstatistically
significant effect on locomotion, when analyzing laser-on/laser-
off epochs (Fig. 3E; 2� repeated-measures ANOVA, genotype
[Cre–, Cre1] � time, F(9,189) = 1.91, p= 0.052, with the first

Figure 2. Activation of mNAc!VTA pathway inhibits consumption. A, Schematic showing injection of AAV2-EF1a-DIO-
hChR2-eYFP into the NAc shell and medial core of D1-Cre mice. B, Fluorescence image showing ChR2-eGFP expression (green,
488 nm) in the NAc of D1-Cre animals. C, Fluorescence image showing ChR2-eGFP expression (green, 488 nm) in the VTA, iden-
tified by TH (red, 555 nm). Optical fiber placement adjacent to medial VTA (white dashed lines). D, Schematic of consumption
experiment. Animals were allowed free access to plastic trays containing 20 mg sweetened chow (SC) pellets for 30 min. E,
Summary data showing decreased consumption in Drd1a- Cre(–) versus Drd1a-Cre(1) animals during laser-on epochs (blue
shading). Mice were stimulated at 10 Hz (15 ms pulse width, 3 min on, 3 min off, repeating). F, Total consumption summated
across laser-on and laser-off epochs, as well as genotype. G, Schematic of the HF versus chow pellet choice experiment.
Animals were allowed free access to plastic trays containing 20mg HF pellets and chow pellets (C) for 30 min. H, Summary data
showing decreased consumption of both HF and C pellets in Drd1a-Cre(1) animals during laser-on epochs, with no difference in
food. I, Total consumption summated across epochs. All summary data are mean6 SEM. *, ****Significant post hoc test.
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30min excluded from statistical analysis;
n= 9 [6 males and 3 females] for Cre(–);
and n=14 [10 males and 4 females] for
Cre(1)). Total locomotion during laser
epochs was not affected (Fig. 3F; 2�
repeated-measures ANOVA, genotype
[Cre–, Cre1] � light [on, off], F(1,21) =
2.73, p= 0.114).

To determine whether activation of
this circuit instead altered the reinforc-
ing effects of food, animals were trained
to associate one chamber of a three-
chamber apparatus with food receipt.
Photo-stimulation of the mNAc!
VTA circuit did not alter this condition-
ing (Fig. 4A,B; 2� repeated-measures
ANOVA, genotype [Cre–, Cre1] �
chamber [unpaired, middle, paired],
F(2,34) = 0.477, p= 0.625; n=6 [5 males
and 1 female] for Cre(–); and n=13 [10
males and 3 females] for Cre(1)).
Together, these data indicate that activa-
tion of the mNAc!VTA circuit is not
sufficient to produce CPP or aversion.

Photo-inhibition of mNAcfiVTA
potentiates consumption
Previous research has shown that opto-
genetic inhibition of D1 neurons in the
NAc is sufficient to increase consump-
tion and protects against adaptive inhi-
bition of food consumption in response
to external cues (O’Connor et al., 2015),
consistent with a the proposed “sensory
sentinel” role of the NAc in feeding
(Kelley et al., 2005). We sought to deter-
mine whether the mNAc!VTA circuit
mediates this sensory sentinel function.

We used a retrograde viral labeling
approach to specifically label midbrain-
projecting neurons from the mNAc in
C57BL/6J male mice. Briefly, we used
the rgAAV serotype, engineered for
high-efficiency retrograde transport (Tervo et al., 2016), to
deliver recombinase to the VTA. Either AAV2-EF1a-DIO-
eNPHR3.0-eYFP or control virus was injected into the mNAc,
and an optical fiber placed over it, allowing for photo-inhibition
of only midbrain projecting NAc neurons (Fig. 5A,B).

To determine whether inactivation of the mNAc!VTA path-
way potentiates food-seeking, animals were first trained to per-
form an operant food-seeking task (FR1), as described above.
After training, animals were returned to an ad libitum home
cage diet for 2 d, allowing them to return to full body weight.
They were then tested with 3min epochs of photo-inhibition
during operant food-seeking. The number of pellets animals
earned across 3min trial blocks was not differentially altered by
photo-stimulation compared with mCherry controls (Fig. 5C; �
repeated-measures ANOVA, condition [mCherry, Halo]� time,
F(9,180) = 1.558, p=0.131; n=11 [all males]; with a significant
effect of time (F(9,20) = 4.416, p=0.049). However, we found a
significant increase in total food intake during photo-inhibition
epochs, compared with control animals (Fig. 5D; 2� repeated-
measures ANOVA, condition [mCherry, Halo] � light [on, off],

F(1,20) = 5.50, p= 0.0295; Bonferroni-corrected post hoc analysis
show significant difference in laser epoch only within the Halo
group, *p, 0.05).

We next examined the role of the mNAc!VTA circuit in
adaptive inhibition of food-seeking. To do this, we used the
stimulus distractor behavioral paradigm, previously described
(O’Connor et al., 2015). Briefly, to allow real-time monitoring of
intake, animals were trained to lick for a palatable solution (10%
sweetened condensed milk). Lick burst initiation, defined as a
minimum of three licks within 1.5 s, was monitored in real time.
During 5min alternating epochs, yellow laser was delivered, and
each lick burst initiation triggered a 500ms auditory and visual
stimulus. In control animals, the distractor stimulus reduced
intake during the distractor/laser-on epochs, while photo-inhibi-
tion was protective against sensory distraction in the Halo group
(Fig. 5E; 2� repeated-measures ANOVA, condition [mCherry,
Halo] � time, F(5,90) = 2.82, p=0.0206; n=11: all male, for
mCherry and n= 9: all male, for Halo; Bonferroni-corrected post
hoc analysis shows significant difference between viral treatments
during the second laser/distractor epoch, p, 0.05). Cumulative
licks were not differentially altered in Halo-infected mice

Figure 3. Activation of mNAc!VTA inhibits operant responding for food without affecting motivation or locomotion. A,
Mice were stimulated at 10 Hz (15 ms pulse width, 3 min on, 3 min off, repeating) over 30 min. B, Total pellets earned sum-
mated across epochs. C, Cumulative nose pokes during progressive ratio testing. Cre(1) animals took longer to reach threshold.
D, Total rewards earned during progressive ratio testing. No difference in motivation was observed. E, Summary of locomotion. F,
Locomotion summated across epochs. *, **Significant post hoc test; n.s., not significant. All summary data are mean6 SEM.
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(Fig. 5F; 2� repeated-measures ANOVA, condition [mCherry,
Halo] � light [on, off], F(1,18) = 2.89, p=0.107; main effect of
viral treatment, F(1,18) = 7.05, p= 0.0161). These findings support
the hypothesis that the mNAc acts as a sentinel, adaptively inhib-
iting food consumption in response to external cues, and that
NAc projections to VTA contribute to this function.

mNAcfiVTA dynamics during food-seeking and
consumption
Previous research has demonstrated reductions in firing rates in
a subset of NAc neurons during feeding and food-seeking
(Roitman et al., 2005; Taha and Fields, 2005, 2006; Krause et al.,
2010). To determine whether the mNAc!VTA pathway dem-
onstrates this activity pattern, we characterized the neural dy-
namics of mNAc!VTA neurons during food-seeking and
consumption. Cre-recombinase with high retrograde activity was
virally delivered into the VTA (rgAAV2-pmSyn1-eBFP-Cre), and
AAV1-Syn-DIO-GCaMP6s-WPRE into the NAc, selectively
labeling this pathway in C57BL/6J mice (Fig. 6A). This retro-
grade viral strategy led to robust GCaMP6s labeling in the NAc
(Fig. 6B). An optical fiber was placed over the NAc, allowing us
to monitor activity via fiber photometry, as previously described
(Lerner et al., 2015). Animals were trained to perform an operant
task on an FR1 schedule, allowing us to separately examine

activity of this circuit in food-seeking, approach, and consump-
tion behaviors.

During operant responding, we observed a decrease in fluo-
rescence after a nose poke response (Fig. 6C; n=600 nonrein-
forced trials, 471 reinforced trials, from 10 male WT mice).
Importantly, this inhibition occurred on both reinforced and
nonreinforced operant responses, indicating that the change in
fluorescent signal was not due to food presentation or associated
cues (Fig. 6E). We also observed a ramping in activity during
approach to the magazine. On trials in which the animal
retrieved and consumed a food pellet, but not on trials without
consumption, we observed a delayed decrease in fluorescence af-
ter a magazine entry (Fig. 6D; n=191 entry trials, 348 consump-
tion trials). The black line (Fig. 6D,E) indicates average
fluorescence signal that was significantly different from baseline
with a bootstrap-generated 99% CI. A significant reduction in
fluorescence was observed during the 2-4 s postentry period dur-
ing a consumption trial versus entry only (Fig. 6F; F(2,1602) =
4.17, p= 0.0157 for summary data; post hoc x 2 test of independ-
ence, p=0.000605, Holm method-corrected).

To determine whether this decrease was related to the onset
of consumption, we analyzed a subset of trials in which the mice
took extended time to successfully retrieve the pellet (as assessed
by multiple magazine entry beam breaks for a single reward),
thus temporally separating magazine approach and entry from
eventual pellet retrieval and consumption. These trials were bro-
ken down into the initial magazine entry, represented by the first
beam break (with or without subsequent consumption), and
magazine exit events, represented by the final beam break (with
or without consumption). Magazine exits revealed neuronal in-
hibition on consummatory trials (Fig. 7A,C; F(2,792) = 3.53,
p= 0.0298 for summary data; post hoc x 2 test of independence,
p= 0.00734, Holm method-corrected). Fluorescence following
magazine entries with a single beam break were similar to the
pooled population, showing increased fluorescence followed by
inhibition on trials in which the animal consumed (Fig. 7B,D;
F(2,795) = 3.23, p= 0.0402 for summary data; post hoc x 2 test of
independence, p= 0.0113, Holm method-corrected). Together,
this analysis indicates a suppression of activity in the mNAc!
VTA circuit during operant responding for food and consump-
tion with an increase in activity likely occurring during magazine
approach/entry and pellet retrieval. This pattern of inhibition is
consistent with a permissive role for the mNAc!VTA circuit in
mediating food-seeking with more complex dynamics during re-
trieval and consumption.

Discussion
In this study, we examined the role of mNAc projections to the
VTA in controlling food intake. Consistent with previous
reports, we found that D1 MSNs are the primary neuronal sub-
type projecting to VTA (Bocklisch et al., 2013; Edwards et al.,
2017; Yang et al., 2018), and that the mNAc largely innervates
the ventromedial VTA (Zahm and Heimer, 1993; Usuda et al.,
1998; Yang et al., 2018). While we did observe minimal D2 neu-
ronal projections in several mice, the majority of animals eval-
uated showed little to no evidence of D2 projections, suggesting
a predominant D1 projection to the region. Our study builds on
previous literature showing that the NAc controls food intake by
demonstrating that the mNAc!VTA projection bidirectionally
regulates feeding. Furthermore, we found that the mNAc!VTA
circuit is necessary for distractor stimuli to suppress food con-
sumption. Finally, we showed that the activity in this circuit is

Figure 4. Activation of mNAc!VTA does not affect the valence associated with food. A,
Schematic of three-chamber food CPP experiment. Conditioning order (laser paired or teth-
ered) was counterbalanced. After conditioning with food, animals were tested against base-
line preference with photo-stimulation (10 Hz, 15 ms pulse width) on entry into the food-
paired chamber. B, Summary data showing absolute change in time spent (test – baseline)
in each chamber (unpaired, middle, paired).
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inhibited during food-seeking and food con-
sumption. Together, these findings indicate
that inhibition of the mNAc!VTA circuit is
necessary to permit feeding.

It has been proposed that the NAc
restricts intake via control over the motor
behaviors that comprise a feeding response
(Kelley et al., 2005). We find that the
mNAc!VTA circuitry bidirectionally regu-
lates instrumental actions, not solely food
consumption actions, consistent with previ-
ous reports that pharmacological inhibition
of the NAc increases operant responding for
food (Pulman et al., 2012; Stratford and
Wirtshafter, 2012b). However, we did not
find a statistically significant effect on loco-
motion or activity alone. The pattern of ac-
tivity in the Cre(1) animals during open
field locomotion was suggestive of a change,
and the nonsignificant trend toward dec-
reased locomotion during laser-off epochs is
consistent with a recent report (Yang et al.,
2018). Observation during free feeding
experiments did not reveal any obvious
changes in locomotor or stereotypic activity.
Importantly, this potential locomotor effect
during laser-off epochs is not sufficient to
explain the significant decreases in feeding
and food-seeking we observe during laser-on
epochs.

Given the well-established role of the
VTA in reward-related learning and rein-
forcement, it is possible that activation of in-
hibitory mNAc projections generates an
aversive or anhedonic state. Surprisingly, we
found little evidence that activation of this
circuit impacts the motivational or reward-
ing properties of food consumption as meas-
ured by food preference, the progressive
ratio task, and food CPP. These findings are
consistent with a recent report that selective
activation of the mNAc!VTA pathway does
not induce real-time place preference (Yang
et al., 2018) and pharmacological evidence
that NAc inhibition with GABA agonists
does not affect progressive ratio responding
(Zhang et al., 2003).

Importantly, we found that mNAc!VTA circuit activity is
inhibited during food-seeking and food consumption, consistent
with a restrictive role in consumption. While others have sug-
gested that the NAc acts to gate consumption (Krause et al.,
2010), the temporal dynamics of fiber photometry using
GCaMP6s do not allow us to determine whether circuit inhibi-
tion occurred before seeking and consumption. Interestingly, we
also observed a ramping in activity during approach to the food
magazine, similar to the reported ramping in the dorsal striatum
during approach (London et al., 2018). This phenomenon, activ-
ity ramping before inhibition during a food consumption task,
has also been observed with electrophysiological recordings in
the NAc (Roitman et al., 2005; Krause et al., 2010). Notably, the
ramping we observe does not appear to depend on food con-
sumption or detection of food per se, suggesting a broader role
in approach behavior. To better understand this ramping activity

of mNAc neurons, further investigation with finely timed manip-
ulations of the NAc during approach specific behaviors is
needed.

Given the similar feeding effects reported during optoge-
netic activation of mNAc!LH projections (O’Connor et al.,
2015), antidromic activity and activation of LH projecting col-
laterals are a potential confound for the results reported here.
Additionally, if there is high collateralization to the LH and
VTA, the effects we observed during NAc photo-inhibition
may be mediated by LH projections. However, dual-retrograde
tracing shows little evidence of such collateralization between
these regions in addition to evidence of functional segregation
(Gibson et al., 2018). Supporting this, we found qualitatively
less eNPHR3.0-eYFP labeling in the LH compared with the
VTA with our projection-specific retrograde viral labeling of
mNAc!VTA circuit, indicating a lack of collateralization.

The results presented here potentially influence the interpre-
tation of the observed decrease in intake during optogenetic

Figure 5. Inactivation of mNAc!VTA pathway promotes consumption. A, Schematic showing injection of 0.5ml
AAV2-EF1a-DIO-eNPHR3.0-eYFP or control (hSyn-DIO-mCherry) into the NAc shell and medial core of WT mice and 0.3ml
rgAAV2-pmSyn1-eBFP-Cre. B, Fluorescence image showing eNPHR3.0 expression (green, 488 nm) in the NAc. Optical fiber
scarring evident in mNAc (white dashed lines). C, Summary data showing FR1 performance in Halo versus mCherry dur-
ing laser epochs. Yellow shading represents laser-on epochs. Inactivation was performed with near constant light (1min
on, 1 ms off over 3 min, repeating every other 3 min). D, Total consumption summated across laser-on and laser-off
epochs. E, Summary data showing licking in Halo versus mCherry animals during laser/distractor epochs. Yellow shading
represents laser-on and distractor-on epochs. F, Total licks summated across laser-on and laser-off. All summary data are
mean6 SEM. *Significant post hoc test.
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stimulation of D1 terminals in the LH (O’Connor et al., 2015), as
VTA-projecting D1 collaterals pass through the medial forebrain
bundle adjacent to the LH. Terminal activation in the LH may
also stimulate these VTA-projecting fibers. Further research with

specific, projection- defined labeling, or double-dissociation strat-
egieswould be required to distinguish the relative contributions of
the NAc projections to the LH and VTA in feeding behavior as
bothLHandVTAtarget sitesmediate behavioral responses.

Figure 6. mNAc!VTA pathway is dynamically activated during reward seeking. A, Schematic showing viral injection strategy; 0.5ml AAV1-Syn-GCaMP6s was delivered into the NAc shell,
and 0.3ml retrograde Cre (rgAAV2-pmSyn1-eBFP-Cre or AAV6.2-CMV-PI-Cre-rBG) into the VTA, selectively labeling VTA-projecting neurons in the accumbens. B, Fluorescence image showing
GCaMP6s expression (green, 488 nm) in the NAc. Optical fiber scarring evident adjacent to NAc (white dashed lines). C, Summary data showing normalized fluorescence during nonreinforced
and reinforced nose pokes. Line indicates average signal. Shading represents SEM for all trials. Black center line indicates average fluorescence signal significantly different from baseline (boot-
strap-generated 99% CI). D, Summary data showing normalized fluorescence during magazine entries with and without consumption. Line indicates average signal. Shading represents SEM for
all trials. Black center line indicates average fluorescence signal significantly different from baseline (bootstrap-generated 99% CI). E, Summary data of AUC for�2 to 0 s before nose poke, 0-2
s after, and 2-4 s. F, Summary data of AUC for�2 to 0 s before entry, 0-2 s after, and 2-4 s after showing an increase in signal on approach to the magazine, followed by a significant during
consumption trials. Significant interaction between trial type and AUC epoch. All summary data are mean6 SEM. *Post hoc x 2 test of independence (p= 0.000605).
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The direct downstream neurons in the VTA mediating these
feeding effects remain unclear. While previous electrophysiologi-
cal investigations found little evidence for direct synaptic inner-
vation of VTA DA neurons by the accumbens (Xia et al., 2011;
Bocklisch et al., 2013), viral tracing studies identified robust con-
nections to VTA DA neurons (Watabe-Uchida et al., 2012; Faget
et al., 2016). More recent analysis combining optogenetics and
electrophysiology has identified direct inhibition of VTA DA and
GABA neurons by the NAc (Edwards et al., 2017; Yang et al.,
2018), with relatively greater inhibition of VTA DA neurons in
the mNAc circuit (Yang et al., 2018). Behaviorally, our findings
are consistent with NAc suppression of feeding acting through

these direct connections onto VTA DA neurons, as activation of
VTA GABAergic neurons has been shown to inhibit food con-
sumption and drive aversion (Tan et al., 2012; van Zessen et al.,
2012). However, the relative contribution of both local and pro-
jecting GABAergic neurons in the VTA to feeding is not clear.

The research presented here contributes to an emerging body
of evidence indicating inhibitory feedback in the mesolimbic and
basal ganglia circuits, and its role in feeding and reward.
Activation of NAc projections to LH GABAergic neurons has
been shown to inhibit feeding (O’Connor et al., 2015). These LH
GABAergic neurons induce feeding and reward behavior, in part
mediated by projections to the VTA (Jennings et al., 2015; Nieh

Figure 7. Dynamic inhibition of mNAc!VTA fluorescence is related to consumption. A, Summary data showing normalized fluorescence during magazine exits with and without consump-
tion. Line indicates average signal. Shading represents 6 SEM for all trials. Black center line indicates average fluorescence signal significantly different from baseline (bootstrap-generated
99% CI). B, Summary data showing normalized fluorescence during single-beam break magazine entries with and without consumption. Black center line indicates average fluorescence signal
significantly different from baseline (bootstrap-generated 99% CI). C, Summary data of AUC for�2 to 0 s before exit, 0-2 s after, and 2-4 s after showing a significant decrease in fluorescence
during consumption trials. Significant interaction between trial type and AUC epoch. *Post hoc x 2 test of independence (p= 0.00734). D, Summary data of AUC for�2 to 0 s before exit, 0-2
s after, and 2-4 s after showing a significant decrease in fluorescence during consumption trials. Significant interaction between trial type and AUC epoch. *Post hoc x 2 test of independence
(p= 0.0113). All summary data are mean6 SEM.
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et al., 2015, 2016), leading to indirect control of VTA dopamine
function and reward behavior by the NAc. The mNAc!VTA
circuit described here bypasses the LH to directly influence feed-
ing behavior. It is likely that this direct feedback to the midbrain
not only influences food intake and drug seeking, but all behav-
iors that are regulated by mesolimbic function.
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