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N E U R O S C I E N C E

Activity of a direct VTA to ventral pallidum GABA 
pathway encodes unconditioned reward value and 
sustains motivation for reward
Wen-Liang Zhou1, Kristen Kim2, Farhan Ali1, Steven T. Pittenger1, Cali A. Calarco2†,  
Yann S. Mineur1, Charu Ramakrishnan3, Karl Deisseroth3, Alex C. Kwan1, Marina R. Picciotto1,4*

Dopamine signaling from the ventral tegmental area (VTA) plays critical roles in reward-related behaviors, but 
less is known about the functions of neighboring VTA GABAergic neurons. We show here that a primary target of 
VTA GABA projection neurons is the ventral pallidum (VP). Activity of VTA-to-VP–projecting GABA neurons cor-
relates consistently with size and palatability of the reward and does not change following cue learning, providing 
a direct measure of reward value. Chemogenetic stimulation of this GABA projection increased activity of a subset 
of VP neurons that were active while mice were seeking reward. Optogenetic stimulation of this pathway improved 
performance in a cue-reward task and maintained motivation to work for reward over days. This VTA GABA pro-
jection provides information about reward value directly to the VP, likely distinct from the prediction error signal 
carried by VTA dopamine neurons.

INTRODUCTION
The ventral tegmental area (VTA) plays a central role in reward- 
motivated behaviors. Within the VTA, dopaminergic (DA) neu-
rons have been thought to be the principal cells responsible for 
mediating reward-related behaviors (1), encoding reward predic-
tion error signals (2), and promoting motivation to obtain rewards 
(3). Nevertheless, recent studies have increasingly documented 
-aminobutyric acid (GABA)–dependent functions of the VTA 
(4–6). For example, activity of VTA GABAergic neurons can signal 
an expected reward, which is necessary for DA neurons to calculate 
prediction error (7). VTA GABA neurons can modulate some 
forms of learning through control of DA and cholinergic systems 
(8) and pause nucleus accumbens (NAc) cholinergic interneuron 
firing to enhance associative learning (9, 10). GABA neuron firing 
in the VTA increases before intracranial self-stimulation (11) and 
during arousal (12), which are closely associated with reward-motivated 
behaviors (13).

There are multiple subtypes of GABA neurons within the VTA, 
including a large population of locally projecting interneurons. 
GABA neurons comprise from 12 to 45% of neurons in different 
subnuclei of the VTA (14). Stimulation of all VTA GABA neurons 
disrupts reward consumption (15) and drives conditioned place 
aversion (16) by inhibiting neighboring DA neurons, whereas ge-
netic inhibition or lesion of VTA GABA neurons causes sustained 
wakefulness and mania-like behaviors (17, 18). While most of these 
functions of VTA GABA neurons have been attributed to local 
interneurons (19), it is becoming increasingly evident that differ-
ent populations of GABA projection neurons contribute to 

reward-related behaviors, including projections to the NAc and 
lateral habenula (9, 10, 20). GABA is also co-released by a subset of 
VTA glutamatergic projection neurons, and stimulating these neu-
rons is reinforcing (21). The dense GABAergic projection from the 
VTA to the ventral pallidum (VP) (20) is of particular interest 
because the VP, particularly the posterior VP, receives substantial 
GABA projections from the NAc that can be stimulated or inhibited 
as a result of VTA DA release via D1 or D2 receptors (22, 23) and 
because the VP is the major output of mesolimbic system. Thus, in 
contrast to local VTA GABA interneurons, which decrease the 
effects of DA neuron signaling, we hypothesize that VTA GABA 
projections to the posterior VP, an area known to be involved in 
reward and motivation (24), could mimic or even potentiate behav-
iors dependent on DA signaling.

In this study, we show that VTA GABA projection neurons form 
functional synapses on GABAergic, cholinergic, and CaMK2- 
expressing neurons of the VP unlike the selective cholinergic targets 
of the VTA-to-NAc projection (9, 10). Unexpectedly, fiber photom-
etry recording revealed that these neurons respond consistently to a 
primary, unconditioned reward and that the magnitude of this 
response is positively correlated with size and palatability of the 
reward. The response of this pathway to primary reward is relatively 
invariant and does not change in magnitude as animals learn that a 
cue predicts reward availability. In vivo single-cell calcium imaging 
in head-fixed mice in a sucrose-seeking task reveals that VP neu-
rons respond to both reward seeking–associated motor activity 
and reward consumption. Selective chemogenetic stimulation of 
the VTA-to-VP GABA pathway significantly increased the fraction 
of VP neurons responsive to reward-motivated motor activity but 
not those to reward consumption. Optogenetic stimulation of these 
neurons in freely moving mice demonstrates that stimulating this 
projection enhances performance in a cued reward task (CRT) and 
maintains high motivation for reward during a progressive ratio (PR) 
schedule of reinforcement across multiple days. Together, these 
experiments identify a stable signal that scales with the value of a 
primary reward and potentiates learning of reward-related tasks but 
does not shift during cue learning.
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RESULTS
VTA GABA neurons project to the VP and make synaptic 
connections with VP resident cells
To identify the most abundant postsynaptic targets of VTA 
GABAergic axons, we first infused an Adeno-associated virus (AAV) 
carrying a Cre-dependent construct (AAV2-EF1a-DIO-hChR2-eYFP) 
into the VTA of GAD65- Cre mice that labels GAD+ neurons with 
enhanced yellow fluorescent protein (eYFP) (Fig. 1A and fig. S1A). 
eYFP-expressing VTA GABAergic axons densely innervated the basal 
forebrain, terminating abundantly in the VP (Fig. 1B), forming ter-
minal structures (fig. S3A). We labeled postsynaptic VP neurons 
with a biocytin–Alexa Fluor 594 conjugate and found that eYFP+ 
axons from VTA physically wrapped the cell body and proximal den-
drites of the connected VP neurons (Fig. 1C).

There are multiple neuronal subtypes in the VP, with a large 
component of GABA cells comprising the primary output neurons 
of the structure (25). Previous studies have shown that functional 
VTA-to-NAc GABA projections activate cholinergic neurons selec-
tively (9, 10). Therefore, we infused a recombinant herpes simplex 
virus (HSV; H129TK-TT) to label synaptically connected target cells 
of VTA-to-VP GAD+ neurons and then determined the subtypes of 

these postsynaptic cells. H129TK-TT is activated to express tdTomato 
(tdT) exclusively in cells expressing Cre recombinase (GAD+ neu-
rons in VTA). The virus then travels anterogradely across synapses 
to label the postsynaptic target cells with tdT, demonstrating synaptic 
connections between VTA GAD+ neurons and target cells in the VP 
(26). Transgenic expression of green fluorescent protein (GFP) in 
GAD67+ cells allowed for identification of GABA neurons postsyn-
aptically in VP. H129TK-TT was infused into the VTA of double 
transgenic GAD65-Cre/GAD67-GFP mice (Fig. 1D and fig. S1B). 
VTA neurons were efficiently infected with the virus and expressed 
tdT 96 hours after viral infusion (figs. S1F and S3B). Of 203 post-
synaptic tdT+ neurons in VP, 122 (60%) were GAD67-GFP+ and 
8 (4%) were ChAT+ (Fig. 1, E and G). In separate slices, we ob-
served that 6 of 104 (6%) infected VP neurons were CaMK2+ 
(Fig. 1, F and G). Thus, unlike what has been reported in the NAc, 
VTA GABA neurons not only predominantly make synaptic con-
nections with GABA neurons in the VP but also target cholinergic 
and CaMK2-expressing (potentially glutamatergic) VP neurons.

Functional connections in VP: Electrophysiological evidence 
and characterization
To determine whether the connections of VTA GABAergic axons 
with VP neurons are functional, we performed whole-cell patch-
clamp recordings in acute brain slices while optically stimulating 
ChR2-expressing VTA GABAergic axon terminals. In 31 VP neu-
rons, we detected pronounced light-evoked postsynaptic currents 
(PSCs) (Fig. 2, A and B), including 5 neurons (from five different 
mice) recorded with tetrodotoxin (0.5 M) in the bath, confirming 
monosynaptic transmission. The current size ranged from 10 to 
several hundred picoamperes (Fig. 2C), with a synaptic delay of 2 to 
8 ms (Fig. 2D). On the basis of the intrinsic property of spike ac-
commodation [reduction of a neuron’s firing rate to a stimulus of 
constant intensity (27)], which plays an important role in neural 
coding, we categorized these recorded postsynaptic neurons into spike 
accommodation (Fig. 2E, blue circles, and fig. S4B2) and non-spike 
accommodation neurons (Fig. 2E, red circles, and fig. S4B1). In 4 
of 17 non-spike accommodation neurons, we observed marked 
H-current (fig. S4B1, bottom), which modulates intrinsic rhythmicity.

To confirm that GAD65+ terminals in the VP release GABA and 
evoke inhibitory PSCs, we applied picrotoxin (PTX; 100 M) to 
block GABA type A (GABAA) receptor–dependent responses. In 8 of 
11 VP neurons, PTX nearly completely blocked PSCs (Fig. 2, A and F). 
However, in an additional three neurons (non-spike accommoda-
tion), PTX alone did not abolish the PSCs at a concentration as high as 
500 M but reduced the amplitude from −205 to −130 pA on average. 
Addition of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) sup-
pressed the remaining component of these PSCs (Fig. 2, B and F). 
This indicates that a subset of VTA GABA projections may release 
glutamate, consistent with reports that some VTA GAD+ neurons 
release both GABA and glutamate in the lateral habenula (LHb) and 
the dentate gyrus (28, 29), and that VTA VGluT2+ neurons co-release 
GABA in LHb and VP (21, 28).

Activity of VTA-to-VP GABA neurons scales with size and 
palatability of the unconditioned reward
VTA GABA neurons have been shown to increase their firing in 
response to reward-related stimuli and arousal (11, 12). To determine 
whether the activity of VTA-to-VP GABA neurons is recruited 
during reward-related behaviors, we designed three tasks to examine 

Fig. 1. VTA GABAergic neurons send long axons to the VP and form synaptic 
contacts with VP resident neurons. (A) Injection of AAV2-EF1a-DIO-hChR2-eYFP 
into the VTA of GAD65-Cre mice. (B) Sagittal view of a mouse brain expressing eYFP 
in VTA GAD65+ neurons. The green fibers show the VTA GABA projection pathways. 
(C) Brain slices were cut from the mice treated as in (A), and a VP cell was then filled 
with biocytin and stained with Alexa Fluor 594. Images show that eYFP-expressing 
axons from VTA GAD65+ neurons wrap the cell body and a proximal dendrite of the 
VP neuron. (D) Diagram for infection of H129TK-TT into the VTA of GAD67-GFP/
GAD65-Cre mice. The HSV construct is activated by Cre recombinase and transports 
viral replicates to connected postsynaptic neurons in the VP. (E) Confocal images 
taken from the VP, depicting postsynaptic targets of VTA GAD65+ neurons infected 
by H129TK-TT. tdT, GFP, and ChAT immunoreactivities denote HSV-infected, 
GAD67+, and cholinergic neurons, respectively. Merged image shows colocalization 
of tdT with the molecular tags for identifying postsynaptic GABAergic and cholinergic 
neurons. (F) Images depicting colocalization of tdT with CaMK2 labeling in the VP. 
(G) Percentage of different subtypes of VP resident neurons postsynaptic to VTA 
GABAergic inputs.
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different aspects of unconditioned and learned reward responses, 
including a non-cued fixed-ratio operant task, a cued reward operant 
learning task (CRT) to measure cue-reward learning, and a PR re-
sponding task to evaluate motivation to work for rewards (Fig. 3A). 
We then used fiber photometry to record in vivo calcium levels 
from VTA GABAergic axon terminals in VP across all behavioral 
phases as a measure of neuronal activity. To record activity from 
VTA-to-VP GABA terminals selectively, we injected pGP-AAV1-
syn-FLEX-jGCaMP7s-WPRE into the VTA of GAD65-Cre mice 
and implanted an optical fiber targeting the VP. This allowed us to 

record calcium-dependent fluorescence signals from the terminals 
of VTA GAD+ neurons in the VP of behaving mice (fig. S1, C and 
G). During fixed-ratio 1 (FR1) responding for reward, a fluorescence 
transient (2.06 ± 0.31%, n = 8 mice) peaked ~0.5 s after the animal 
visited the magazine in which reward was delivered (US retrieval) 
(Fig. 3B). A magazine entry made when no reward was present trig-
gered a much smaller signal (0.45%; Fig. 3C). To determine whether 
the transient occurred exclusively in response to the primary rein-
forcer, we aligned the same signal to the nosepoke that triggered the 
reward. We observed a smaller peak (~0.3%, arrow; Fig. 3D) within 
0.5 s following the nosepoke and preceding US retrieval, although 
the steepest increase with greatest magnitude occurred after US 
retrieval. Inactive nosepokes resulted in only very small blips in fluo-
rescence (Fig. 3E), indicating that the activity of these neurons was 
correlated with US retrieval and/or consumption.

We next recorded activity of VTA-to-VP GABA terminals during 
a CRT, in which animals learned that a tone (cue, as an occasion 
setter) predicted availability of the reward. The tone was presented 
on average every 30 s with a random time interval (RT-30 schedule). 
A nosepoke in the active aperture within 5 s following the tone 
resulted in delivery of the primary reinforcer. We measured pro-
nounced fluorescent transients in VTA-to-VP GABA neurons that 

Fig. 2. Optical stimulation of VTA-to-VP GABAergic axon terminals evokes 
postsynaptic currents (PSCs) in VP neurons. (A) Example traces from whole-cell 
patch-clamp recordings in a VP neuron. The brain slice was from a mouse treated 
as in Fig. 1A. Upper blue line indicates blue light pulses. (B) Same as (A) except that 
PTX was applied at 500 M, and 10 M CNQX was added to fully suppress light-
evoked currents. (C) Characterization of light-evoked PSCs, current amplitude versus 
probability plot. The red dot denotes the average current size and probability 
(mean ± SE, apply to all figures). Probability = number of detectable evoked synaptic 
responses/number of stimulus light pulses. (D) Upper panel shows the measure of 
synaptic delay (SD). The gray trace was recorded in a postsynaptic VP neuron, and 
the black trace was recorded in a ChR2-expressing VTA neuron. The delay in the 
black trace (D0) was considered to be a systematic delay. In the lower panel, the 
black bar corrects the systematic delay recorded in presynaptic ChR2-expressing cells 
(8.5 ms) to 0; gray bars show corrected synaptic delay in postsynaptic VP neurons. 
(E) Characterization of action potential half-width versus cell capacitance plot in 
postsynaptic VP neurons. Red circles denote cells showing a continuous firing pattern 
(fig. S4B1), and blue circles denote cells exhibiting marked spike accommodation 
(fig. S4B2). The red and blue dots denote the average of the two groups. (F) Com-
position of light-evoked PSCs. In group 1, the PSCs were blocked by PTX. Addition 
of CNQX resulted in no further significant changes. In group 2, the PSCs were 
blocked by a combination of PTX and CNQX. Student’s t test, *P < 0.05; **P < 0.01.

Fig. 3. Activity of VTA-to-VP GABA neurons during rewarded behaviors. 
(A) Timeline of behavioral procedures and fiber photometry sessions (blue 
boxes). (B) Fluorescence changes (dF/F) during FR1 responding. Signals were 
aligned to US retrieval [black dashed lines in (B) to (I) indicate timing of the events 
to which the signals were aligned]. Black trace represents the averaged result; gray 
traces in (B), (D), (F), and (G) represent averaged signals in each individual mouse. 
N = 8 mice. (C) Fluorescence signals when mice visited the magazine when no reward 
was available. Gray traces in (C), (E), (H), and (I) represent signals to each reward 
event. (D) Same as (B) except signals were aligned to active nosepokes. (E) Fluores-
cence signals when mice made inactive nosepokes. (F) Fluorescence changes 
during CRT training. Signals were aligned to US retrieval. (G) Same as (F) except 
signals were aligned to the onset of tones. The dashed lines marked “NP” and “US 
retrieval” show the timing of nosepoke and magazine entry following the corre-
sponding tones. Red arrows indicate the signal following the three behavioral 
events: tone, nosepoke, and US retrieval. (H) Signals when mice received tones in the 
beginning of the first CRT session before any reward was presented. (I) Signals during 
conditioned reinforcement (CR) testing when mice received tones alone.
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peaked ~0.5 s following US retrieval (2.87 ± 0.45%; Fig. 3F), which 
were consistent across all five consecutive sessions, up to 150 trials 
(Fig. 4, A and B). We next aligned the same signals to the tone 
(Fig. 3G) and averaged the timing of nosepokes and US retrievals to 
identify three different phases in the signal. The largest response was 
invariably observed during US retrieval and did not change across 
sessions. In contrast, at the beginning of the first CRT session 
before any reward had been presented, there was no notable 
transient during delivery of the tone (Fig. 3H); however, after CRT 
training, the cue induced a small but discernible fluorescence signal 
(Fig. 3G, indicated with the first arrow), likely reflecting the acquired 
reward value of the tone. Consistent with this possibility, when mice 

learned to perform an previously unexposed operant task to obtain 
cue delivery in the absence of the primary reinforcer [conditioned 
reinforcement (CR)], the tone alone resulted in a small but discernible 
fluorescence response (0.83 ± 0.09%, Fig. 3I).

To determine whether the effort required to obtain a reward might 
alter the response of VTA-to-VP GABA neurons, we measured fluo-
rescence over 5 days of PR responding. US retrieval–associated fluo-
rescence transients were observed consistently across all trials, 
and all five sessions did not change as effort demands increased or 
breakpoints were reached (figs. S5 and S6).

VTA DA neurons signal a reward prediction error, first firing to 
an unconditioned reward, then shifting to a reward-predictive cue 
following multiple training trials, and no longer signaling the pri-
mary reward. To calculate prediction error, there must be an addi-
tional neuronal signal encoding the value of the primary reward. 
Neuronal signals for reward have been recorded in the VTA (7), but 
the identity of the neuronal subtype encoding an invariant signal 
for an unconditioned reward is not known. Therefore, we next tested 
whether activity of VTA-to-VP GABA neurons encodes the value of 
an unconditioned reward. First, mice were tested on FR1 responding 
for various size rewards. Each nosepoke triggered reward delivery 
for 0 (no reward), 1, 2, 3, 4, or 5 s, randomly. The peak signal amplitude 
in response to different reward sizes did not change significantly 
(Fig. 4, C and D, top); however, the area under the curve (AUC) from 
0 to 5 s after US retrieval increased significantly with increasing reward 
size (Fig. 4D, bottom). In a second experiment, mice were tested on 
FR1 responding for the same volume (2-s delivery) of reward, but 
Ensure was diluted with water at 1:1 (the dilution used for all other 
experiments), 1:3, 1;10, 1:50, and 0 (water) to vary palatability. The 
size of the fluorescence signals in VTA-to-VP GABA terminals was 
notably correlated with the dilution of reward (Fig. 4, E and F) and 
did not vary across the session, suggesting that the signal did not 
change as animals became sated. These experiments indicate that 
the activity of the VTA-to-VP GABA pathway can provide stable 
information on the magnitude of a rewarding stimulus.

Together, these data demonstrate that VTA-to-VP GABA neu-
rons increase activity in response to retrieval/consumption of an 
unconditioned reward. The response to primary reward does not 
decrease (or increase) following cue-reward learning; however, 
stimuli (cues) that acquire rewarding properties as a result of learning 
can subsequently elicit small responses in these neurons. Activity of 
VTA-to-VP GABA neurons therefore appears to encode the value 
of a reward, reflecting the size and, more remarkably, the palatability 
of a reward.

VP neuronal activity increases in response to motivated 
motor activity and is modulated by VTA-to-VP 
GABA pathway
VP neurons are known to respond to reward and to encode incentive 
value and internal drive (30, 31). We therefore postulated that direct 
VTA GABA projections that are activated by reward might be 
important in altering the activity of the overall VP network. We 
designed an intersectional chemogenetic strategy to stimulate the 
VTA-to-VP GABAergic pathway selectively while mice performed 
a self-paced, instrumental sucrose-seeking task (32) and combined 
this motivated reward seeking with in vivo single-cell calcium imaging. 
In this chemogenetic strategy, a Cre-dependent Flp recombinase 
construct packaged into a retrograde HSV is infused into the VP 
of GAD-Cre mice. All axon terminals in the VP can take up the 

Fig. 4. Activity of the VTA-to-VP GABA pathway scales with the value of a pri-
mary reward. (A) Heatmap of calcium-dependent fluorescence signals in VTA-to-VP 
GABA neurons across five CRT sessions on consecutive days. Signals were aligned 
to the time of magazine entry (0 s). (B) Area under the curve (AUC) of fluorescence 
signals measured from (A). Upper panel shows the fluorescence change across 
five sessions. Lower panel shows the AUCs calculated from the upper panel curves 
from 0 to 5 s (gray area). Each dot represents the averaged AUC of the fluorescence 
signals measured in one mouse in one session. One-way analysis of variance (ANOVA) 
of the signal AUC across five sessions: F(4,30) = 0.034; P = 0.998. N = 7 mice. (C) Heat-
map of fluorescence signals in terminals of VTA-to-VP GABA neurons during FR1 
responding to different sizes of reward (reward delivery for 0, 1, 2, 3, 4, and 5 s). 
(D) AUC of fluorescence signals measured from (C). Upper panel shows the fluores-
cence change in response to different sizes of reward. Lower panel shows the AUCs 
calculated from the upper panel curves. One-way ANOVA of the signal AUC across 
reward sizes: F(5,30) = 18.6; P = 2.2 × 10−8. N = 6 mice. (E) Heatmap of fluorescence 
signals in VTA-to-VP GABA neurons during FR1 responding to different dilutions of 
reward with the same reward delivery for 2 s. (F) AUC of fluorescence signals 
measured from (E). Upper panel shows the fluorescence change in response to 
different dilutions of reward. Lower panel shows the AUCs calculated from the 
upper panel curves. One-way ANOVA of the signal AUC across different dilutions: 
F(4,20) = 14.7; P = 9.4 × 10−6. N = 5 mice.
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retrograde virus, but the Cre-dependent Flp construct is only 
expressed in GAD+ cell bodies. The Flp-dependent Gq-DREADD 
construct is infused into the VTA of the same animals. This assures 
that Gq-DREADD is expressed exclusively in the VP-projecting 

VTA GAD+ neurons (Fig. 5, A and B, and fig. S8). In addition, the 
calcium indicator GCaMP6s is expressed in all VP neuronal sub-
types under control of the synapsin promoter, so the consequences 
of stimulating VTA-to-VP GABA neurons can be recorded.

Fig. 5. Stimulation of VTA-to-VP GABA pathway modulates VP activity during reward seeking. (A) Intersectional strategy targeting Gq-DREADD to VTA-to-VP GABA 
projections and recording in VP. Gray line, placement of lens. Syn1-GCaMP6s (blue) was expressed in VP for recording from all neuronal subtypes. Retrograde AAV carrying 
Cre-dependent Flp (rHSV-DIO-flp) was injected into VP of the same GAD65-Cre mice to express Flp recombinase in Cre-expressing neurons with terminals in VP. Last, 
Flp-dependent Gq-DREADD (AAV-Frt-DREADD) was injected into the VTA, allowing expression of the DREADD only in GAD+ VTA neurons with terminals in VP that had 
taken up the Flp construct. (B) VTA tyrosine hydroxylase (TH) and mCherry staining in a GAD65-Cre mouse with AAV8-Ef1a-fDIO-DREADD Gq-mCherry and VP:rHSV-
hEF1-LS1L-flpo. The DREADD is not expressed in TH+ cell bodies. (C) Frame taken through the microscope in VP showing neurons expressing GCaMP6s. (D) Whole-cell 
patch-clamp recording of Gq-DREADD-mCherry+ VTA neuron. Red arrowhead indicates the time when CNO (10 M) was added. (E) Scheme for head-fixed sucrose seeking. 
Rewards earned on an FR10-FI5 schedule (right). (F) Fluorescence changes (dF/F) aligned to onset of each lick bout. Black lines indicate averages of the transients; gray 
shading indicates 20 to 80% of individual traces. N = 3 mice. (G) Fluorescence changes aligned to time of reward delivery. (H and I) Distribution of event-associated fluo-
rescence changes. (H) Transients aligned to onset of “seeking” lick bout (vehicle versus CNO, P = 0.0008, 2 test). (I) Transients aligned to liquid delivery (vehicle versus 
CNO, P = 0.0524, 2 test). All cells had been examined using the Wilcoxon signed-rank test, pre-event dF/F versus post-event dF/F. Cells with no significant changes (P ≥ 0.05, 
gray bars) and cells with significant changes (P < 0.05, red bars) were grouped. (J and K) Scatterplot of individual neuron responses at time of reward seeking versus 
consumption after (J) vehicle or (K) CNO (Wilcoxon signed-rank test, pre-event versus post-event).

D
ow

nloaded from
 https://w

w
w

.science.org at C
ornell U

niversity on O
ctober 19, 2022



Zhou et al., Sci. Adv. 8, eabm5217 (2022)     19 October 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 12

For in vivo calcium imaging, tri-viral (VP:GCaMP6s + rDIO-Flp/
VTA:fDIO-DREADD) infected GAD65-Cre mice (n = 3) were trained 
in a head-fixed paradigm to seek fluid by licking a spout on a 
fixed-ratio 10, fixed-interval 5 (FR10-FI5) schedule in which 10 licks 
resulted in a reward delivery with 5 s between periods of reward 
availability (Fig. 5E). Water (0%) and sucrose (3 and 10%) solutions 
were delivered separately as rewards during each 60-s time block, 
which is initiated by completing the first FR10 lick bout. To record 
VP neuronal activity, a lens targeting the posterior VP virus injection 
site was implanted (fig. S9). Consumption of solutions decreased 
after the first eight blocks of each session, so we analyzed these eight 
blocks together to exclude effects of satiation and depletion of 
terminal GABA vesicles after excessive chemogenetic stimulation. 
Control mice (GAD65-Cre) received the DREADD construct in the 
VTA but no Flp construct in the VP. All mice were administered 
vehicle and then clozapine N-oxide (CNO) to ensure that there were 
no significant effects of CNO alone on neuronal activity or behavior 
in control mice (figs. S10 and S11). When calcium signals from VP 
neurons were aligned to the onset of a motivated lick bout, two dis-
tinct fluorescence transients were observed (Fig. 5, F and G). The 
first transient occurred around the time of action (licking) to obtain 
fluid delivery. Aligning the same data to the time of liquid delivery 
shows that the second transient occurred during reward consump-
tion (Fig. 5G). DREADD-mediated activation of VTA-to-VP GABA 
neurons via CNO administration significantly increased the number 
of activated cells during reward seeking (41.4%, 89 of 215 cells; 
Fig. 5H and fig. S12C) compared to vehicle (26%, 56 of 215 cells; 
P = 0.0008, 2 test). Simultaneously, CNO tended to reduce the 
number of activated cells recruited during reward consumption 
(5.6%, 12 of 215 cells; Fig. 5I and fig. S12D) compared to vehicle 
(10.7%, 23 of 215 cells; P = 0.052, 2 test). These results indicate 
that a large proportion of VP neurons fire in response to an action 
that leads to reward delivery, consistent with a role in motivation 
to work for reward (33). Stimulating VTA-to-VP GABA neurons 
recruited more VP cells when the animals were working to obtain 
a reward and decreased the fraction of firing cells in VP during 
reward consumption. When animals were satiated with fluid, 
the effect of VTA-to-VP GABA stimulation was reversed (fig. 
S13). Analysis of individual cells reveals that most consumption- 
responsive cells are also active during reward seeking (Fig. 5, J and K, 
black circles), indicating that consumption-responsive neurons 
are largely recruited from those relevant to motivation. This exper-
iment shows that activation of the VTA-to-VP GABA pathway 
increases the fraction of cells responsive to reward seeking, and not 
those responding to reward consumption alone (Fig. 5K). Com-
bined with the relatively invariant response of the VTA-to-VP 
GABA neurons during US retrieval, these data suggest that the 
GABA input signals reward consumption, but then likely transmits 
information to the VP network that encodes the motivational aspects 
of the behavior.

Optogenetic stimulation of the VTA-to-VP GABA pathway 
enhances performance in CRT and non-CRT
Given that fiber photometry experiments demonstrated that the 
VTA-to-VP GABA neurons increase activity in response to primary 
rewards, and that in vivo calcium imaging during reward seeking 
suggests that stimulation of this pathway alters the VP network to 
respond preferentially to reward seeking, we hypothesized that the 
behavioral consequence of stimulating this input to the VP may 

contribute to increased motivation to work for rewards. We therefore 
screened mice for high responders for reward and then randomized 
mice to two groups (fig. S14) for infusion of AAV-EF1a-DIO-
hChR2-eYFP (stimulation) or AAV-EF1a-DIO-eYFP (control) into 
the VTA (fig. S1, A and E) and implanted a light cannula targeting 
bilateral posterior VP (figs. S1, D and H, and S2) to manipulate the 
activity of this projection selectively in behaving mice. Self-stimulation 
of VTA-to-VP GABA projections does not maintain robust operant 
responding over multiple sessions (fig. S15), suggesting that it is not 
equivalent to behavior observed following stimulation of the medial 
forebrain bundle.

We next stimulated VTA GAD+ neuronal terminals in the VP 
and evaluated performance in the same behavioral tasks used to 
measure activity of these neurons (Figs. 3 and 4). Similarly in CRT, a 
tone was presented to the mice on an RT-30 schedule, and immedi-
ately after the tone, a 5-s reward contingency window was assigned 
when a nosepoke in the active aperture resulted in delivery of a re-
inforcer. Fiber photometry results revealed that reward consumption 
reliably evokes activity in the VTA-to-VP GABA pathway (Fig. 3). 
After training, mice respond to the cue quickly with a nosepoke and 
then a magazine entry, usually within 2 s after onset of the cue, re-
sulting in robust activity of VTA-to-VP GABA terminals (Fig. 3G). 
We therefore delivered a 5-s train of blue light pulses to the terminals 
of VTA-to-VP GAD+ neurons during the reward contingency 
window immediately following tone presentation to induce phasic 
activity of the pathway in a pattern that might mimic reward con-
sumption (34). This pattern of stimulation was intended to link 
phasic activity of the VTA-to-VP GAD+ pathway to tone presentation. 
During the 5 days of CRT training (Fig. 6B), both “control” and 
“stimulated” animals learned to complete the task. However, ChR2- 
expressing mice performed significantly better than control animals 
in task completion time, effort conversion rate (number of reinforcers/
total nosepokes), and acquisition rate (number of reinforcers/total 
tones; Fig. 6, C, F, and G). Following the 5-day training, we tested the 
associative strength of cue-reward pairing in each group in a previously 
unexposed CR task by allowing the mice to nosepoke for the cue 
alone (Fig. 6H). The ratio of nosepokes in the active versus in-
active apertures was not significantly different between the two groups 
(Fig. 6I). Thus, while optogenetic stimulation accelerated learning 
to obtain rewards efficiently, once animals acquired the association, 
there was no difference in the associative strength of cue-reward pairing.

We hypothesized that improved performance in the CRT might 
reflect enhanced motivation to obtain the reward, rather than 
improved learning of the cue-reward contingency. PR schedules of 
reinforcement have been used widely to measure motivation for re-
ward (35). We therefore tested whether stimulation of the VTA-to-
VP GABA pathway affects behavior on a non-cued PR schedule. 
The same train of blue light pulses was delivered for 5 s at 30-s inter-
vals across each PR session to stimulate VTA-to-VP GABA neurons, 
a pattern that could mimic receipt of additional rewards across the 
session. On the first day of PR testing, the two groups showed similar 
performance (Fig. 7), indicating that the stimulation did not alter 
motor activity or sensory processes compared to controls. However, 
on each successive PR session, the stimulated group sustained a 
high level of responding, reaching significantly higher breakpoints 
(number of responses required to obtain a reward), therefore earning 
more rewards than the control group (Fig. 7, A and B). We evaluated 
two factors contributing to total number of nosepokes: duration 
and frequency. Stimulation made the animals more persistent than 
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the control group (Fig. 7C). While nosepoke frequency tended to be 
higher in the stimulated group, this did not reach significance 
(Fig. 7D). The increases in effort persistence and trial frequency both 
suggest that stimulation of the VTA-to-VP GABA pathway made 
mice more motivated to seek reward.

DISCUSSION
Salient stimuli increase activity of mesolimbic circuits, and this, in 
turn, can elicit reward-related behaviors. VTA DA neurons encode 
reward prediction error signals and convey this information pri-
marily to the NAc, activating or inhibiting the direct (D1) and indi-
rect (D2) pathways, respectively. In turn, both D1 and D2 medium 
spiny neurons (MSNs) from the NAc project densely to the VP (25). 
Rather than simply relaying reward information from mesolimbic 
to motor outputs, the VP integrates information from various 
sources (20, 36–40), adding new information that allows the indi-
vidual to adapt reward-related behavior appropriately to cues in the 
environment (24, 31). Thus, the VP has been proposed to be an im-
portant “limbic final common pathway” for mesolimbic processing 
of rewards (24).

In this study, we found that dense VTA GABA inputs to the VP 
make synaptic connections with several classes of VP neurons, in-
cluding GABAergic, cholinergic, CaMK2-expressing, and possibly 
other cell types. This is in contrast to what has been reported for the 
connections that VTA GABA axons make in the neighboring NAc, 
where their postsynaptic targets are primarily cholinergic inter-
neurons (9, 10). Cholinergic pallidal neurons exhibit strong spike 
accommodation while noncholinergic neurons do not (27). On the 
basis of this classification, our electrophysiological results show that 
both cholinergic and noncholinergic VP neurons receive VTA 
GABA inputs. We also found that a subset of the axons derived 
from VTA GAD65+ neurons released glutamate. GABA and gluta-
mate co-release has been observed in other brain structures (21, 41) 
and may partly explain why stimulation of VTA GAD65+ neurons 
resulted in both inhibition and excitation of VP calcium activity 
during the self-paced sucrose-seeking task (fig. S12): Inhibition is 
caused by direct synaptic GABA transmission, while excitation 
could be caused by either disinhibition of local interneurons or gluta-
mate release from GAD65+ axonal terminals, shaping VP output to 
other limbic and motor systems necessary to act on reward-related 
information (24).

Fig. 6. Stimulation of VTA-to-VP GABA pathway improves performance in CRT. (A) Timeline of behavioral procedures and optical stimulation (blue boxes). (B) Settings 
of behavioral boxes used for CRT. (C to G) During CRT sessions, task duration [(C); F(1,24) = 7.65, P = 0.011], nosepoke frequency [(D); F(1,24) = 0.073, P = 0.79], magazine entry 
frequency [(E); F(1,24) = 6.20, P = 0.020], effort conversion rates [number of reinforcers/total NPs; (F); F(1,24) = 17.79, P = 0.0003], and reward acquisition rate [number of 
rewards/number of cues; (G); F (1,24) = 9.95, P = 0.0043] were compared between control (n = 13) and “stimulation” (n = 13) groups. Two-way ANOVA was used to compare 
the two curves over 5 days. Uncorrected Fisher’s least significant difference (LSD) was used for post hoc tests. *P < 0.05; **P < 0.01, ***P < 0.001. (H) Settings of boxes for 
CR tests. (I) Number of nosepokes in each aperture during the first CR test was compared between control (n = 9) and stimulation (n = 8) groups [two-way ANOVA: 
F(1,15) = 0.071, P = 0.794].
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We have shown that the activity of VTA-to-VP GABA neurons 
increased consistently in response to a primary reward, regardless 
of cue presentation, with a peak in calcium signals ~0.5 s following 
US retrieval. Similar to neighboring DA neurons, VTA-to-VP GABA 
projection neurons respond to the primary reward, and not to the 
cue, before training. In contrast, cue-reward training shifts the re-
sponse of DA neurons to the cue as a prediction of reward delivery 
and eliminates the response to a predicted reward while decreasing 
response to an omitted reward as an error to the established predic-
tion (2). VTA-to-VP GABA neurons also develop a response to a 
cue through cue-reward training but to a much lesser extent than is 
observed for DA neurons. Furthermore, the response to primary 
reward in VTA-to-VP GABA neurons seems not to change follow-
ing prolonged cued reward training even when the animal has 
learned the association between the cue and the reward. This find-
ing agrees with a previous report that VTA GABA neurons respond 
to the outcomes of behavioral events, not to cues (42). In the current 
study, we also performed PR testing and found that increased effort 
did not alter activity of this pathway in response to reward delivery, 
and we also did not see a decrease in activity of the VTA-to-VP 
GABA neurons following nosepokes that did not result in reward 
(Fig. 3E). The difference in patterns of activity between these two 
groups of VTA neurons likely reflects their different roles during 
reward behaviors. We hypothesize that VTA-to-VP GABA neurons 
may provide a mechanism to scale with the value of reward, allow-
ing DA neurons to calculate the prediction error by comparing the 
predicted reward value, as reflected in DA neuron firing, and the 
current reward value, as encoded by VTA-to-VP GABA neurons. 
Target neurons in the VP are well positioned to relay information 
from VTA GABA projections to provide feedback to VTA DA neu-
rons and to process and execute motivated behaviors (25). Recent 
studies show that manipulating the activity of a group of VP neu-
rons can bidirectionally modulate motivation for reward seeking 

(43) and that activation of a group of NAc shell–projecting VP 
neurons promotes reward consumption (44). Therefore, we used an 
unlearned reward seeking/consumption paradigm to identify which 
neurons in the VP receive VTA-to-VP GABA inputs. A subset of 
VP neurons responded to the initiation of motor activity while the 
animal was working to obtain reward (seeking), and a smaller subset 
of neurons responded to consumption. The two cell populations 
overlapped, so only a small fraction of cells responded solely to con-
sumption. Selective chemogenetic stimulation of the VTA-to-VP 
GABA pathway recruited more VP neurons to respond to reward 
seeking but did not modulate those cells responding to con-
sumption alone. These results suggest that the VTA-to-VP GABA 
inputs may alter the VP network to encode motivational aspects of 
reward seeking.

The posterior VP targeted here is thought to be a “hedonic 
hotspot” (24). Opioid transmission in the hotspot enhances both 
“liking” and “wanting,” while local blockade of GABAA transmission 
in the VP increased wanting but did not affect liking (45, 46). Since 
VTA DA signaling can stimulate striatal D1 MSNs, some of which 
project to and release GABA in the VP (22, 23), we hypothesized 
that direct VTA-to-VP GABA projections might be a synergistic 
pathway that provides a feedforward signal promoting motivated 
behaviors when the animal retrieves and consumes a reward. Con-
sistent with this hypothesis, we found that selective optogenetic 
stimulation of VTA-to-VP GABA pathway resulted in significantly 
improved performance in a cued operant reward task, as well as 
significantly higher breakpoints and more earned rewards across 
5 days of PR testing. These results support the idea that activity of 
the VTA-to-VP GABA pathway scales with the value of the primary 
reward and that this information is used by the VP to increase motiva-
tion to obtain the reward. Potentially, the increase in VTA-to-VP 
GABA activity in response to reward consumption recruits a larger 
set of VP neurons responsible for reward seeking, therefore increasing 
motivation to obtain a reward (or wanting) and promoting re-
sponding during reward-related tasks. On the other hand, DA 
signaling in striatum is essential for motivated behaviors (47), and 
there is another hedonic hotspot in the NAc shell that interacts with 
the VP as part of a larger neural network involved in reward seeking 
(48). The availability or consumption of a reward clearly triggers 
activity of both VTA DA and GABA neurons so that motivation to 
work for reward is orchestrated by these convergent VP circuits to 
allow the animal to complete behavioral tasks efficiently.

While it is likely that stimulation of these GAD+ neurons leads to 
behavioral consequences as a result of GABA release, it is also pos-
sible that glutamate release contributes to the observed physiological 
and behavioral outcomes. The observation that a portion of the 
postsynaptic response in 3 of 11 VP cells recorded was not blocked 
by GABA antagonists but was blocked by CNQX suggests that 
co-release of glutamate could shape the physiological response to 
stimulation of these GAD+ neurons. That said, the bulk of the post-
synaptic responses to stimulation of the VTA to VP GAD+ pathway 
could be blocked by GABAA antagonists, suggesting that GABA sig-
naling is likely to be the primary mediator of the observed effects.

Recent studies have suggested that activity of VP GABAergic and 
glutamatergic neurons may represent internal states and can bias 
the direction of behavior toward either reward seeking or avoidance, 
respectively (49). Activation of VP GABA neurons potentiates re-
ward seeking (50), while activity of VP glutamatergic neurons sup-
presses reward seeking (51). These functional studies fit well with 

Fig. 7. Stimulation of VTA-to-VP GABA pathway increases motivation to obtain 
rewards in PR testing. Following CRT training and CR test as depicted in Fig. 6A, 
the mice were trained as in Fig. 6B on a PR schedule of reinforcement. Breakpoints 
[(A); F(1,17) = 9.23, P = 0.0074], number of earned rewards [(B); F(1,17) = 11.83, 
P = 0.0031], task duration [(C); F(1,17) = 13.5, P = 0.0019], and nosepoke frequency 
[(D); F(1,17) = 2.36, P = 0.14] were compared between control (n = 10) and stimulation 
(n = 9) groups. Two-way ANOVA compared the two curves over 5 days. Uncorrected 
Fisher’s LSD was used for post hoc tests. *P < 0.05; **P < 0.01; ***P < 0.001.
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what is known about the inputs to these neurons from striatal MSNs. 
VP glutamatergic neurons preferentially receive innervation from 
D1 MSNs, whereas VP GABA neurons receive both D1 and D2 
afferents (50). In this study, we found that the VTA-to-VP GABA 
pathway appears to convey similar information as VTA-to-D1 MSN 
DA inputs at the time of reward consumption but not during delivery 
of the cue. Activation of both these pathways that are temporally 
complementary to each other during a reward behavior could result 
in increased and/or prolonged VP activity, convergently increasing 
and/or maintaining motivation to work for reward. VTA-to-VP 
GABA activity may inhibit VP glutamatergic neurons and activate 
VP GABAergic neurons either via co-release of glutamate onto 
GABA cells or by inhibiting VP interneurons. GABAergic inter-
neurons comprise a large proportion of neurons in the VP (25), 
with pallidal noncholinergic type II interneurons comprising 56% 
of VP cells (52). Therefore, it is possible that GABAergic inputs 
to VP may result in disinhibition of the structure by targeting these 
interneurons.

In conclusion, the current study provides a novel framework for 
understanding how VTA activity drives motivation to work for re-
warding stimuli by coordinating the outputs of NAc and VP. First, 
VTA-to-VP GABA neurons respond to reward in a different pattern 
than VTA DA neurons, scaling with the value of reward and 
providing an invariant reward signal that could be important for 
calculating prediction errors. Second, VTA-to-VP GABA neurons 
increase their activity in response to reward delivery, which in turn 
recruits more VP neurons for reward seeking, increases motivation 
to obtain rewards, and therefore improves performance during 
reward-related tasks. Previous studies have shown that VTA GABA 
neurons are involved in behaviors relevant to drug addiction and 
withdrawal-related stress (4, 5). We therefore speculate that activity 
of the VTA-to-VP GABA projection neurons may be increased when 
motivation is abnormally elevated during drug craving, but decreased 
during drug withdrawal, depression, and other depressive disorders 
when motivation is impaired. Therefore, VTA GABA signaling could 
be a novel target in treatment of these disorders.

MATERIALS AND METHODS
Animals
Male and female GAD65-IRES-Cre mice (GAD65-Cre; 5 to 10 months, 
The Jackson Laboratory) and Cre+/GFP+ F1 derived from GAD65-
Cre × GAD67-GFP (53) were group-housed on a 12:12-hour light-
dark cycle with ad libitum food and water. Procedures were approved 
by the Yale University Institutional Animal Care and Use Committee 
and were in accordance with the National Institutes of Health (NIH) 
Guide for Care and Use of Laboratory Animals.

Surgery
For electrophysiological recordings and behavior experiments, 
GAD65-Cre mice were infused with AAV2-EF1a-DIO-hChR2(H134R)- 
eYFP (UNC Vector Core) in the VTA, as previously described (20). 
Coordinates for VTA infusions were, from bregma, [anterior- 
posterior (AP): −3.0 mm; medial-lateral (ML): ±0.4 mm; dorsal- 
ventral (DV): −4.6 mm]. For mice undergoing behavioral testing, 
customized bilateral cannulae (Doric Lenses, Canada) were implanted 
in VP (AP: +0.2; ML: ±1.2; DV: −4.5). Before electrophysiological 
recording or behavioral tests, mice were allowed to recover for 
>21 days. A recombinant, transsynaptic HSV (H129TK-TT) for 

anterograde transsynaptic tracing (26) was injected unilaterally into 
the VTA (AP: −3.0; ML: −0.4; DV: −4.6). Mice were monitored daily, 
and brains were harvested at 96 hours after surgery. For fiber 
photometry, GAD65-Cre mice were infused with pGP-AAV1-syn-
FLEX-jGCaMP7s-WPRE (Addgene, plasmid no. 104491) in the 
right VTA (AP: −3.0; ML: −0.4; DV: −4.6). To measure calcium 
activities in VTA GABA neuronal terminals projected in the VP, a 
mono fiber-optic cannula (Doric Lenses, Canada) was implanted 
above the right VP (AP: +0.2; ML: −1.2; DV: −4.5). For DREADD 
studies, injection of AAV8 Ef1a-fDIO-DREADD Gq-mCherry into 
the VTA (AP: −3.0; ML: −0.4; DV: −4.6) and injection of retrograde 
HSV-hEF1-LS1L-flpo (RN433) or HSV-hEF1-LS1L-BFP-flpo 
(RN434; MIT vector core) into the VP (AP: +0.2; ML: −1.2; DV: 
−5.2 to −4.6) were made on the same side. For in vivo calcium 
imaging, a 1:1 mixture of HSV-hEF1-LS1L-flpo and AAV1-Syn-
GCaMP6s-WPRE-SV40 (Penn Vector Core) was infused into the 
VP. Two weeks later, a lens probe (Inscopix; PN:100-002171) was 
implanted targeting VP (AP: +0.2; ML: −1.15; DV: −4.6). After an 
additional 2-week recovery, a baseplate for attaching the nVista 
microscope (Inscopix Inc.) was mounted over the lens. Last, a head 
plate was mounted behind the baseplate for head fixation during 
behavioral tasks (54).

Immunostaining
For neuroanatomical tracing and post hoc verification of placement, 
brains were sectioned to 50-m-thick sagittal or coronal slices. 
Immunohistochemical staining was described in (20). Briefly, slices 
were blocked and incubated in primary antibody solutions overnight 
at 4°C. For double or triple labeling, slices were incubated in solu-
tions containing multiple primary antibodies raised in different host 
species. Next, slices were incubated with secondary antibodies for 
2 hours and then mounted onto glass slides for imaging. Antibodies 
and sources are listed in table S1.

Acute brain slices and electrophysiology
Mice for slice physiology studies were transcardially perfused with 
ice-cold, oxygenated artificial cerebrospinal fluid [ACSF; contain-
ing 125 mM NaCl, 26 mM NaHCO3, 10 mM glucose, 2.3 mM KCl, 
1.26 mM KH2PO4, 2 mM CaCl2, and 1 mM MgSO4 (pH 7.4)] for 
harvesting brains, which were immediately transferred to ice-cold, 
oxygenated ACSF. Brains were cut on a vibratome into 300-m 
sagittal slices. Acute slices were incubated in a holding chamber 
with protective ACSF containing 5 mM kynurenic acid at 37°C for 
30 min and then moved to and maintained at room temperature. 
All measurements were performed at room temperature, as described 
in (55). Whole-cell recordings were made nonselectively from visually 
identified neurons in the VP or in YFP-expressing neurons in the 
VTA for measuring systematic delay. Electrical signals were ampli-
fied with Multiclamp 700B and digitized with Digidata 1440A 
(Molecular Devices LLC). Intracellular solution contains 145 mM 
KCl, 2 mM MgCl2, 3 mM Na2–adenosine triphosphate (ATP), 
0.3 mM Na2–guanosine triphosphate (GTP), 1.1 mM K2-EGTA, 
and 10 mM Hepes (pH 7.3). During recording, blue light pulses 
(10 ms, 1 Hz) were delivered to the recording chamber from a 465-nm 
light-emitting diode (LED) for optical stimulation. Only those 
recordings with stable series resistance (<30 megohms) were analyzed. 
For pharmacology, PTX (Abcam), CNQX (Abcam), and CNO 
[National Institute of Neurological Disorders and Stroke (NINDS)] 
were dissolved in ACSF at 5× final concentration and carefully 
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pipetted into the recording chamber against the wall. Electrical 
recordings were analyzed using Clampfit10 (Molecular Devices, 
Sunnyvale, CA) and filtered with Gaussian low-pass filter (500 Hz 
cutoff) before measurements.

Fiber photometry
The methods were adapted from (56) to measure in vivo calcium 
signals as fractional changes of fluorescence (dF/F), using a standard 
2-lenses-1-site 405/465-nm fiber photometry system. The console 
controlled two connectorized LEDs (CLEDs; 405 nm modulated at 
208 Hz and 465 nm modulated at 572 Hz). Each CLED was con-
nected to a five-port Fluorescence MiniCube (FMC5_AE(405)_
AF(420-450)_E1(460–490)_F1 (500–550)_S). The F1 (500–550 nm) 
MiniCube port was connected to the photoreceiver (AC low mode, 
New Focus 2151 Visible Femtowatt Photoreceiver, New Focus, CA) 
via a fiber optic adapter that was finally connected back to the fiber 
photometry console. A pigtailed fiber optic rotary joint connected 
the MiniCube and the patch cord to deliver and receive lights in a 
freely moving mouse through an implanted optical fiber. Signals 
were recorded using Doric Neuroscience Studio (V 5.3.3.14) via the 
Lock-In demodulation mode with a sampling rate of 12.0 kS/s. Data 
were decimated by a factor of 100 and saved as a comma-separated 
file. For the preprocessing of raw data, baseline fluorescence (F0) 
was calculated using a first-order least mean squares regression across 
the entire recording, and change in fluorescence (dF) was calculated 
as the difference between the recording and F0. dF/F for the refer-
ence (405 nm) channel was subtracted from the signal (465 nm) 
channel to remove movement artifacts and then z-scored. Traces 
were adjusted to a peri-event baseline by subtracting the average 
signal from 10 to 5 s before an event. Graphs were generated in 
MATLAB (2020b) by plotting data 10 s before and after an event 
(nosepoke, US retrieval, or cue onset). Heatmaps were generated by 
aligning to magazine entry and plotting the 10 s preceding and 10 s 
following the entry on a color scale map. AUC was calculated in 
MATLAB by performing numerical integration via the trapezoidal 
method for each peak from magazine entry to 5 s after the entry.

One caveat to note is that using the tools used in this study, we 
cannot fully separate afferents impinging on the VP from en passant 
fibers to the NAc. However, in mature axons, activity-dependent 
calcium influx mainly happens at presynaptic terminals through 
calcium channels and weakly at nodes through sodium channels 
(57–59). Therefore, compared to strong calcium signals in the axon 
terminals ending in the VP, the signals from sporadic nodes in the 
en passant fibers from VTA to NAc are likely to be weak and would 
be more difficult to detect. Nevertheless, it is possible that en 
passant fibers to the NAc might contribute to photometry signals to 
a limited extent.

Behavioral testing
Behavioral experiments were conducted as previously described (56). 
Commands and data collection were controlled with Med-PC IV 
software. Commanding codes are available upon request. Across 
behavioral training and testing, mice were food-restricted with body 
weight maintained at 90% of baseline. Briefly, mice were first trained 
following an FR1 schedule in a daily 60-min session. A nosepoke in 
the “active,” LED-lit aperture triggered reward (Ensure Plus, Abbott; 
~24 l over 2 s) delivery in the magazine. Mice that earned ≥30 re-
wards in the last session were randomized and underwent injection 
of pGP-AAV-syn-FLEX-jGCaMP7s-WPRE for fiber photometry or 

injection of AAV2-EF1a-DIO-hChR2(H134R)-eYFP for behavioral 
testing. Recovery was allowed for >3 weeks before further experiments.

During CRT training, a speaker in each cabinet delivered tones 
(1 s, 70 dB) on a random time intertrial interval schedule of 30 s 
(RT-30). Following each tone, a 5-s window of reward availability 
was assigned, indicated by LED light in the active aperture. During 
this time window, a nosepoke in the active aperture triggered a re-
ward (~48 l over 4 s). For fiber photometry, a Transistor-transistor 
logic (TTL) pulse was used to synchronize behavioral and fluorescent 
recordings at the beginning of each session, and then the fluores-
cence recordings were kept for whole session or 60 min, whichever 
is shorter. For optogenetic stimulation, a 5-s train of blue light pulses 
(10 ms, 20 Hz, 465 nm; on-site end power of 90 to 100 mW/mm2) 
was simultaneously delivered to the VP through bilateral light can-
nulae during each 5-s window of reward availability. A training 
session terminated after 180 min or once 30 cue + reward presenta-
tions were delivered. For CR testing, magazines were removed and 
three apertures were placed at the opposite side. One LED-lit aper-
ture was assigned as active aperture. A nosepoke in active aperture 
resulted in cue and dipper presentation in the absence of reward. 
Active aperture responding was on an FR1 schedule for the first 10 
nosepokes, followed by a variable-ratio 3 schedule.

PR testing was conducted in chambers with the same settings as 
FR1 training following an exponential progression derived from the 
formula (5 × e0.2n) − 5, as: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, … (60). 
Each reward was set as a size of ~48 l of Ensure over 4 s. For fiber 
photometry, a TTL pulse was used to synchronize behavioral and 
fluorescent recordings at the beginning of each session, and then 
the fluorescence recordings were kept for 60 min. For optogenetic 
stimulation, the same 5-s train of blue light pulses as that in CRT 
was delivered every 30 s. Each PR session was terminated when a 
mouse failed to nosepoke for 5 min. “Breakpoint” was defined as 
the time when mice stop nosepoke for ≥ 5 min and was measured 
as the total number of nosepokes achieved up to the final reinforcer.

In vivo calcium imaging in head-fixed, sucrose-seeking mice
A self-paced instrumental sucrose-seeking task was adapted from 
(32). Mice were water-deprived before training and throughout task 
sessions, while they obtained all fluid from extended licking. On the 
behavioral rig, mice were head-fixed but free to walk atop a rotating 
disk. The mice learned to earn drops of fluid (~4 l) by licking a 
composite spout that delivers water (0%) and sucrose (3 and 10%) 
solutions independently. The tri-viral infected mice were first trained 
on an FR1 schedule to seek 3% sucrose for 2 days and then on an 
FR10-FI5 schedule (Fig. 5E) for 4 days. The 5-s timeout is to sepa-
rate motivated licks from consummatory ones. Completing a first 
FR10 initiates a 60-s time block, during which a single type of fluid 
was provided. From block to block, the fluid type changes following 
0% → 3% → 10% → 3%. Fluid delivery and licks were controlled 
and monitored using Presentation software (Neurobehavioral Systems) 
through two independent data acquisition boards (USB-201, Mea-
surement Computing).

On the day of an imaging session, 30 min before imaging, the mice 
were injected intraperitoneally with vehicle (dimethyl sulfoxide:saline = 
1:4, 10 l/10 g) or CNO (2 mg/ml) in the following order: vehicle, 
CNO, no injection, vehicle, CNO, over 5 days. Thirty minutes later, 
the mice were head-fixed on the behavior rig and the microscope 
(Inscopix) was attached to the implanted lens. The microscope was 
adjusted so that the fields of view were consistent across imaging 
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days by observing the pattern of fluorescence and blood vessels. 
nVista HD acquisition software was used for imaging. TTL pulses 
from Presentation software were used for post hoc alignment of 
imaging with behavioral data. After 3 min of baseline imaging, the 
sucrose-seeking task commenced. Thirty minutes later, the imaging 
was terminated, and the mice continued the task to obtain fluid for 
the day until satiated.

All image processing was performed using a combination of 
Mosaic (version 1.2; Inscopix) and custom scripts in MATLAB 
(MathWorks Inc.). Briefly, the movies from all imaging sessions 
were cropped, temporally down-sampled (5 Hz), concatenated, and 
motion-corrected. We then used a Principal Component Analysis/
Independent Component Analysis algorithm to identify spatial filters 
corresponding to putative neurons. The filters and their corresponding 
fluorescence traces were then manually inspected to obtain the final 
set of neurons for analysis: roughly circular structures of diameter 
~10 m and good (>3) signal-to-noise ratio as identified by peaks 
of fluorescence relative to SD of baseline noise. The raw fluorescence 
traces for each neuron were used to calculate the fractional change in 
fluorescence (dF/F), which were then aligned with the behavioral TTL 
pulses for calculation of event-related changes in dF/F as deter-
mined by (dF/F at 1 s after event) – (dF/F at 1 s before event). The 
significance of the change in dF/F of each cell was analyzed using 
Wilcoxon signed-rank test, and those cells with P < 0.05 were used 
for testing the significances of the vehicle and CNO treatments.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm5217

View/request a protocol for this paper from Bio-protocol.
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