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Summary

Nociceptin and its receptor are widely distributed throughout the brain in regions associated with 

reward behavior, yet how and when they act is unknown. Here we dissected the role of a 

nociceptin peptide circuit in reward seeking. We generated a prepronociceptin (Pnoc)-Cre mouse 

line that revealed a unique subpopulation of paranigral ventral tegmental area (pnVTA) neurons 

enriched in prepronociceptin. Fiber photometry recordings during progressive ratio operant 

behavior revealed pnVTAPnoc neurons become most active when mice stop seeking natural 

rewards. Selective pnVTAPnoc neuron ablation, inhibition and conditional VTA nociceptin receptor 

(NOPR) deletion increased operant responding, revealing that the pnVTAPnoc nucleus and VTA 

NOPR signaling are necessary for regulating reward motivation. Additionally, optogenetic and 

chemogenetic activation of this pnVTAPnoc nucleus caused avoidance and decreased motivation 

for rewards. These findings provide insight into neuromodulatory circuits that regulate motivated 

behaviors through identification of a previously unknown neuropeptide-containing pnVTA nucleus 

that limits motivation for rewards.

Graphical Abstract
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In Brief

A subnuclei of the VTA that expresses the neuropeptide prepronociceptin functions to constrain 

motivation when the effort to obtain a reward increases

Introduction

Neural circuits that underlie reward seeking are regulated by homeostatic states and adapt to 

reward availability. Animals are less motivated to seek rewards in environments where 

resources are scarce (Salamone et al., 2009; Kobayashi and Schultz, 2008). Persistence to 

seek uncertain rewards can be disadvantageous due to risky exposure to predators or from 

energy expenditure. To prevent aberrant seeking behavior, neural mechanisms constrain 

motivation to seek rewards. In humans, deficits within these regulatory processes can 

manifest into behavioral dysfunctions including depression, addiction, and feeding disorders 

(Russo and Nestler, 2013; Volkow et al., 2011). In particular, disruption in dopaminergic 

activity is implicated in the dysregulation of reward seeking and consumption (Morales and 

Margolis, 2017; Stauffer et al., 2016; Salamone et al., 2009). Evidence suggests 

heterogeneity of neuronal subtypes and anatomical localization in the VTA, including 

transmitter and neuropeptide systems that can modulate dopaminergic outputs (Morales and 

Margolis, 2017; van Zessen et al., 2012; Tan et al., 2012; Jhou et al., 2009). However, how 

specific neuropeptides regulate motivation through the VTA remains an underexplored area.
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Efforts to understand the anatomical basis and specificity of reward regulation by 

neuropeptides has provided converging evidence that presents the nociceptin (N/OFQ) / 

nociceptin opioid peptide receptor (NOPR) system as a reward-related neuropeptide system 

(Castro and Bruchas, 2019; Der-Avakian et al., 2017; Toll et al., 2016; Ozawa et al., 2015; 

Norton et al., 2002; Zheng et al., 2002; Mollereau and Mouledous, 2000; Mollereau et al., 

1994). This opioid system has been proposed to have an endogenous role in regulating 

motivational state; however, how this regulation may occur remains unresolved. NOPR is 

broadly expressed in tyrosine hydroxylase (TH)-positive neurons (Norton et al., 2002) and 

NOPR activation negatively regulates DA neuron activity (Zheng et al., 2002), yet the 

behavioral consequences of this neuropeptide system’s impact in the VTA are unknown. 

Anatomical studies highlight this system spans multiple reward-related brain nuclei 

including nucleus accumbens (NAc), striatum, bed nucleus of stria terminalis (BNST), 

central amygdala (CeA), hypothalamus, hippocampus, and the VTA (Maidment et al., 2002; 

Ciccocioppo et al., 2000; Mollereau and Mouledous, 2000; Darland et al., 1998; Anton et 

al., 1996). Pharmacological evidence has suggested that NOPR stimulation can reduce 

reward-related behaviors, including food consumption and preference for drugs of abuse 

(Witkin et al., 2014; Zaveri, 2011; Zhao et al, 2003; Kotlinska et al, 2002; Ciccocioppo et 

al., 2000). Thus, understanding the mechanisms by which this neuropeptide system 

modulates reward behavior provides essential circuit-based mechanisms for endogenous 

VTA regulation, and how opioid peptides in this critical structure impact motivation.

To address a possible link between endogenous nociceptin systems and regulation of reward 

and motivation, we determined if VTA-projecting neurons expressing the precursor gene for 

nociceptin, prepronociceptin (Pnoc), are able to gate reward-related behaviors. First, we 

generated a prepronociceptin (Pnoc)-IRES-Cre knock-in mouse line, implemented 

retrograde tracing, and identified an enriched Pnoc+ neuronal nucleus within the border of 

the ventral VTA and interpeduncular nucleus (pnVTA) that projects into lateral portions of 

the VTA. Neural activity recordings revealed that VTA nociceptin neuron activity increases 

as mice reduce their effort to obtain rewards. This led to the hypothesis that pnVTAPnoc 

neurons may regulate motivation for rewards, and that the pnVTAPnoc neurons could bi-

directionally alter motivation to seek rewards. Deletion and inhibition of pnVTAPnoc neurons 

dramatically increased breakpoints to obtain reward whereas optogenetic and chemogenetic 

stimulation of VTA Pnoc inputs decreased the breakpoints for rewards. We also report that 

reward seeking is reduced by nociceptin release and NOPR’s action specifically on VTA DA 

neurons, while the deletion of VTA NOPR or DA neuron NOPR increased reward seeking. 

Collectively, our findings demonstrate a previously unknown population of pnVTAPnoc 

neurons positioned to constrain motivation for rewards via specific neuropeptide signaling 

on DA neurons in the VTA. The identification and interrogation of this pnVTA nociceptin 

system provides critical insight into the cell types that limit and regulate motivated behavior.

Results

Anatomical Identification of Endogenous Pnoc-expressing VTA Inputs

To virally target nociceptin-containing neurons that project into the VTA, we generated a 

prepronociceptin-IRES-Cre mouse (Pnoc-Cre). A targeted knock-in was used to generate a 

Parker et al. Page 4

Cell. Author manuscript; available in PMC 2020 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bicistronic transcript with an IRES to conserve Pnoc expression while providing Cre 

expression under control of the endogenous locus (see Taniguchi et al., 2011) (Figure S1A). 

We crossed Pnoc-Cre mice to the tdTomato flox-stop reporter line (Ai9 and Ai14) (Madisen 

et al., 2010) as well as the channelrhodopsin2-eYFP reporter line (Ai32) (Figures 1A-B, see 
Methods). These Pnoc-CretdTomato and Pnoc-CreChR2/eYFP lines provided a map for Pnoc-

expressing cells and axonal projections. Using these new mouse lines, we observed an 

abundance of Pnoc-containing cells within the VTA, BNST, CeA, septum, and DG (Figures 

1C-E, S1C-D), demonstrating concordance with prior ISH data. We next validated the 

fidelity of the Pnoc-Cre mouse line by fluorescent in situ hybridization (FISH) co-labeling 

of Pnoc and Cre in known Pnoc-enriched regions. We observed strong Cre-fidelity in the 

Pnoc-Cre mouse line, where FISH shows that Pnoc and Cre substantial overlap in Pnoc+ 

mice in multiple brain areas (BNST, CeA, and VTA), whereas Cre is absent in wildtype 

littermate mice (Figure S1C). While the majority of these brain regions project to the VTA, 

it was not known if these projections are specifically Pnoc-expressing.

To identify putative Pnoc+ VTA-projecting brain regions we utilized two retrograde tracing 

approaches. First, to survey potential projections interacting with DA neurons, we injected a 

mixture of AAV1-EF1α-DIO-TVA-mCherry: AAV1-EF1α-DIO-RG into the lateral VTA of 

DAT-Cre mice followed by an injection SADΔG-GFP (EnvA, rabies) 20 days later (Tian et 

al., 2016; Watabe-Uchida et al., 2012). Here, we identified multiple sources of monosynaptic 

inputs onto VTA DA neurons. Of particular interest was the dense labeling in ventral 

portions of the VTA, particularly in the paraintrafasciular (PIF) and paranigral nucleus (PN) 

(Figure 1F, S1F). This area showed robust GFP labeling without helper virus (mCherry), 

suggesting that local VTA Pnoc cells may connect directly onto VTA DA neurons as we 

observed robust Pnoc expression patterns within the paranigral VTA (Figure 1A-C). To 

confirm this observation, we performed in situ hybridization for Pnoc and GFP following 

this rabies tracing approach (Figure 1F). Here we visualized GFP and Pnoc co-labeling in 

the pnVTA (Figure 1E, S1G) suggesting Pnoc-expressing neurons have synaptic inputs onto 

DA (DAT-Cre+) cells. To further examine connectivity of this nucleus with the VTA, we 

injected a retroAAV2-EF1α-DIO-hChR2-(H134R)-eYFP (Tervo et al., 2016), into the lateral 

VTA of Pnoc-Cre mice and visualized eYFP-labeled ChR2+ expressing neurons within the 

pnVTA. Additionally, we performed in situ hybridization for Pnoc and DAT and found that 

the majority of pnVTAPnoc neurons do not express DAT (Figure S1J-K). Together, these data 

support the conclusion that Pnoc-expressing neurons in the pnVTA synapse onto VTA DA 

neurons.

Pnoc+ VTA Inputs are Engaged During Low-Yield Reward-Seeking

To determine if VTAPnoc neurons are active during reward seeking, we recorded the 

intracellular calcium dynamics (Pologruto et al., 2004) of VTAPnoc neurons and their 

terminals in the VTA. We used fiber photometry (Gunaydin et al., 2014) while mice 

performed an operant task to receive sucrose reward (Figure 2B, 2C). Mice were injected 

with 400 nl of AAV-DJ-EF1α-DIO-GCaMP6s unilaterally into the pnVTA and implanted 

with a 400mm optical fiber in the VTA (Figure 2A). Mice were food restricted and 

underwent Pavlovian conditioning to associate a house light (CS) with access to a sucrose 

sipper (US). Mice were trained on fixed ratio (FR) operant schedules to nosepoke for 10% 
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sucrose under an FR1 and then under a FR3 schedule. Following FR3 testing, mice were put 

through a progressive ratio (PR) test, a task that directly measures the breakpoint at which an 

animal is unwilling to further work for reward (Hodos, 1961; Richardson and Roberts, 

1996). Here, nosepoke criterion exponentially increases for each subsequent reward during 

the task. Neural activity was recorded during the final FR3 day and the PR test day for two 

training cycles. Typical baseline drift was observed over the hour-long recording sessions 

and corrected using standard methods (Parker et al., 2016; Gunaydin et al., 2014) (Figure 

S2A-C). We found that Pnoc+ neural activity in the VTA increased phasically when mice 

were nosepoking in both FR3 and PR tasks (Figure 2E). Mice nosepoke at a consistent rate 

throughout the FR3 task, yet in the PR task, mice initially poke at a higher rate, and 

progressively reduce their poke rate as rewards became more difficult to attain (Figure 2F). 

Further, evidence shows that VTA DA cells are engaged during operant reward seeking and 

DA cells are particularly active when effort is high-yield and rewards are attained at a high 

rate (Gan, Walton, and Phillips, 2010; Hamid et al., 2016; Oliva and Wanat, 2019). To 

determine how pnVTAPnoc neurons are active during low and high-yield reward seeking, we 

analyzed Pnoc+ neural activity during nosepoke epochs for different states of PR task 

performance. To quantify nosepoke-aligned Pnoc+ neural activity, mean fluorescence was 

assessed in 2-second time bins centered on nosepoke events. All peri-nosepoke activity is 

shown in Figure 2H for individual PR sessions, where each colored pixel represents mean 

neural activity for an individual active nosepoke. Peri-nosepoke activity was consistently 

above baseline for nosepokes into the active and inactive ports for the FR3 and PR tasks 

(Figure 2D). Assessing nosepoke-aligned activity during PR task performance revealed that 

activity was initially low during nosepokes early in the PR task when rewards were readily 

attainable. However, activity increased later in the PR session as more nosepokes were 

required for each subsequent reward. Interestingly, activity was highest during animals’ final 

nosepokes before reaching breakpoint and ceasing reward seeking (Figure 2G, 2I, S2F). 

Activity was also examined relative to the rate of nosepoking. Nosepoke rate was calculated 

as the total number of active nosepokes occurring within a 1-minute window centered 

around a given nosepoke event. Peri-nosepoke activity was at its minimum during high rates 

of nosepoking when mice were seeking rewards vigorously and increased as the poke rate 

diminished throughout the PR session (Figure 2J). Altogether, these findings indicate that 

Pnoc+ VTA inputs are engaged during reward seeking, and this activity is negatively 

correlated to the value of effort. Notably, Pnoc+ neural activity returned to baseline several 

seconds after an animal ceases its reward-seeking behavior (Figure 2I). These data support 

the conclusion that VTA Pnoc+ neurons are engaged during low-yield reward seeking, rather 

than active in the absence of reward anticipation.

Distinct Populations of VTAPnoc Neurons are Engaged During Reward Consumption

We also analyzed the activity of VTAPnoc neurons during other behavioral epochs to offer a 

comprehensive evaluation of these unique neurons’ responsivity. We found a divergence in 

VTA Pnoc+ neural activity during reward consumption between two distinct groups of mice 

(Figure 3D and 3G). Analysis of optical fiber placement with matched recordings revealed 

anatomically distinct neural activity during consumption. Mice with anterior optical fibers 

implanted over pnVTA (anterior to −3.5 AP) had increased activity during reward 

consumption in FR3 and PR tasks (Figure 3E and 3F) while mice implanted in posterior 
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VTA (posterior to −3.5 AP) had decreased neural activity during reward consumption in FR3 

and PR tasks (Figure 3H and 3I). However, analysis revealed that Pnoc+ VTA inputs for 

both groups of mice had increased activity as mice reduced their rate of reward seeking 

(Figure 2G and 2J) and that there was no significant effect of fiber placement location and 

PR task progress in determining peri-nosepoke activity (Figure S2E). This suggests VTAPnoc 

neurons and their fiber terminals in the anterior and posterior VTA are engaged similarly 

during nosepoking for reward but diverge in their neural activity during reward consumption.

Further, VTAPnoc activity was also recorded in a Pavlovian conditioning paradigm (Figure 

3J). The cue was presented 6 seconds before the sipper to allow for dissociation of Pnoc+ 

neural activity during reward anticipation from neural activity during reward consumption. 

A parallel group of DAT-Cre mice (n=7) were also recorded from in an identical Pavlovian 

paradigm to allow for direct comparison of DA cell activity and Pnoc+ cell activity within 

the VTA in this task. Anterior pnVTAPnoc cells increased their activity during reward 

consumption while posterior VTAPnoc inputs decreased their activity during reward 

consumption (Figure 3K). Additionally, anterior pnVTAPnoc cells had decreased activity in 

response to a reward-predictive cue while posterior VTAPnoc inputs showed no significant 

change from baseline during the cue period. Anterior pnVTAPnoc cells also had sharply 

increased activity after the end of the 20 second reward period for Pavlovian and operant 

sessions (Figure 3E and 3K). Reward omission trials were also tested with CS presentation, 

but no US access (Figure 3J). The consumption-related activity of anterior and posterior 

VTAPnoc inputs was absent during the omission trials (Figure 3M) despite mice remaining 

near the sipper port during extinction (Figure 3L). Lick rate during reward was lowest during 

Pavlovian conditioning, higher for the FR3 task, and highest for the PR task (Figure 3C). For 

both anatomically and functionally distinct Pnoc+ VTA inputs, the intensity of fluorescence 

during reward corresponds to lick rate (Pearson’s correlation: r = 0.849, p* = 0.033) and is 

negligible when mice are not consuming reward during omission trials (Figure 3B). 

Although anterior pnVTAPnoc cells decrease activity during reward anticipation, they did not 

exhibit any signal that parallels reward prediction error signals associated with reward 

omission (Schultz et al., 1997, 2007; Hart et al., 2014). However, these neurons are indeed 

recruited when access to sucrose reward is taken away during the post-reward period (Figure 

3B). Altogether, these findings suggest that pnVTAPnoc cells act to limit seeking behavior, 

but do not likely represent error in reward anticipation.

pnVTAPnoc Neurons are Molecularly Heterogeneous

To determine whether pnVTAPnoc neuron form monosynaptic inputs onto VTA DA neurons, 

we performed whole-cell electrophysiology of PnocChR2 neurons within the VTA (Figure 

4A, 4E). We found near 100% spike fidelity for all ChR2-eYFP expressing neurons at 

frequencies of 1, 5, 10, 20, and 40Hz (Figure 4B). (Figure 4C-D) In these neurons optical 

stimulation evoked robust inhibitory postsynaptic currents (oeIPSCs) in putative 

dopaminergic cells (IH+) and putative non-dopaminergic (IH−) neurons (Neuhoff et al., 

2002). oeIPSCs latency was faster, as well as larger, in IH+ neurons when compared to IH− 

neurons (Figure 4G-H). We determined that these oeIPSCs inputs to be GABAergic as the 

oeIPSCs were abolished by blockade of GABA receptors via Gabazine, while unaffected by 

blockade of glutamate receptors via DNQX (Figure 4I-K). Although, these data suggest a 
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role for GABA within the VTAPnoc neuron population, anatomical and photometry data 

warranted further investigation of their molecular and anatomical identity. Specifically, we 

conducted a transcriptomic survey of pnVTAPnoc neuron gene expression using Translating 

Ribosome Affinity Purification (TRAP) (Sakers, et al, 2017; Mulvey et al., 2018). We 

injected a Cre-dependent TRAP AAV into the pnVTA of Pnoc-Cre mice to selectively tag 

(Figure S4D) and isolate ribosome-bound mRNA from Pnoc+ neurons and performed TRAP 

followed by RNAseq (Figure 4L-N). We validated TRAP isolation with robust enrichment of 

Pnoc as well as a host of other GPCR and neuropeptide mRNAs in these neurons (see Figure 

4N, S4N, Table S2). Notably, we detected expression of both vGLUT2 (vesicular glutamate 

transporter) and vGAT (vesicular GABA transporter), indicating presence of pnVTAPnoc 

neurons containing both glutamate and/or GABA. FISH for Pnoc+, vGAT, and vGLUT2 
revealed that anterior pnVTAPnoc cells predominantly co-express vGLUT2 and the relative 

prevalence of Pnoc/vGAT coexpression increased toward posterior VTA expressing Pnoc 
neurons (Figure 4J-L, S4A-B), demonstrating that there are two distinct, overlapping Pnoc+ 

subpopulations. Pnoc colocalization with either vGAT or vGLUT2 appears to form 

“pockets” where pnVTAPnoc cells are strictly glutamatergic while PBP Pnoc cells are 

GABAergic. Furthermore, injection of AAV5-EF1α-DIO-ChR2-eYFP injection into vGAT-

Cre or vGLUT2-Cre revealed distinct expression patterns as compared to the pnVTAPnoc 

cells (Figure S4E-F). Together, these data indicate that pnVTAPnoc neurons have GABAergic 

connectivity with DA cells, but these pnVTAPnoc neurons are also heterogeneous in 

anatomical location and transcriptomic identity.

Selective Ablation and Inhibition of pnVTAPnoc Neurons Enhances Reward Seeking 
Breakpoint

To determine the functional necessity of the pnVTAPnoc neurons in regulating natural 

reward-seeking behavior, we utilized three separate, but parallel approaches to assess if 

deletion or inhibition of pnVTAPnoc neurons impacts motivation for rewards. First, we 

injected an AAV5-FLEX-taCasp3-TEVp into the pnVTA of Pnoc-Cre+ and Pnoc-Cre− mice 

to induce apoptosis in Cre-positive pnVTAPnoc neurons. This caused a significant loss in 

pnVTAPnoc neurons of Pnoc+ mice (Figure 5C-D, S5A). We observed that pnVTAPnoc 

neuron ablation increased responding under the PR task showing increases in total 

nosepokes, rewards received, as well as robust increases in operant responding across the 

entire PR test (Figure 5B,E-F, S5B-E). These manipulations increased breakpoint and 

seeking for reward (FR3) but did not impact reward consumption (i.e. lick rate) (Figure 

S5F). Taken together, these data demonstrate that selective removal of pnVTAPnoc neurons 

enhances PR responding for sucrose, implicating a necessary role for these unique pnVTA 

neurons in limiting motivation for rewards.

We injected virus encoding the inhibitory DREADD receptor (AAV5-hSyn-DIO-hM4Di-

mCherry into the pnVTA of Pnoc-Cre+ and Pnoc-Cre− mice (Figure 5G and 5H) and tested 

mice in a PR task following the administration of two CNO doses: 1mg/kg (i.p.) and 5mg/kg 

(i.p.) (Figure 5G). We found that chemogenetic inhibition of pnVTAPnoc neurons 

significantly increased nosepoke responding following CNO (5 mg/kg) and increased the 

number rewards received following both CNO doses (1 and 5 mg/kg) (Figure 5I, 5H, S5G 

and S5H). However, the above approaches do not assess how inhibiting pnVTAPnoc neurons 
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during specific epochs of the behavioral task might modulate the motivation to obtain 

natural rewards. Therefore, in a parallel series of experiments, we injected an AAV5-EF1α-

DIO-eNpHR3.0-eYFP, and chronically implanted bilateral fiber optics into their terminal 

region of the lateral VTA of Pnoc-Cre+ and Pnoc-Cre− mice (Figure 5K-L). We then 

assessed whether motivation to obtain sucrose rewards was altered by time-locked 

photoinhibition of pnVTAPnoc neurons during nosepoking or licking. Photoinhibition of 

pnVTAPnoc neurons was found to increase the total number of nosepokes and the number of 

total rewards during the PR task, but only when inhibition was paired to nosepoking 

behavior (Figure 5M-N, S5I-J). These data suggest that pnVTAPnoc neurons are necessary 

for operant responding for rewards, but not for consumption of a natural reward. Taken 

together, these data demonstrate that selective removal and inhibition of pnVTAPnoc neurons 

robustly enhances PR responding, implicating a key role for these neurons in regulating low-

yield reward-seeking behavior.

Optogenetic and Chemogenetic Stimulation of pnVTAPnoc Neurons Decreases Effort to 
Receive a Natural Reward and Promotes Aversion

To determine the sufficiency of pnVTAPnoc neurons in modulating sucrose reward seeking, 

we injected AAV5-EF1α-DIO-ChR2-eYFP, and chronically implanted a fiber optic into 

their terminal region of the lateral VTA of Pnoc-Cre+ and Pnoc-Cre− mice (Figure 6_A-B, 

S1A-B). During the PR task, mice received 60 minutes of 5Hz photo-stimulation or had the 

photo-stimulation time-locked (10Hz, 1 sec) to either their nosepoking or licking. We found 

that 5Hz stimulation of Pnoc+ VTA neurons and their terminals significantly decreased total 

nosepokes and rewards during FR3 and PR tests (Figure 6C-F, Figure S6E-F). We also 

determined whether the selective NOPR antagonist, J-113397, (3mg/kg, i.p.) would block 

this reduction in behavior. Indeed, antagonist administration prevented the photo-stimulated 

pnVTAPnoc-mediated suppression of sucrose seeking (Figure 6G), suggesting that tonic 

stimulation of pnVTAPnoc neurons releases NOPR agonist nociceptin. Time-locked 

stimulation did not affect sucrose seeking behaviors (Figure S6C), yet we found that 

nosepoke-paired stimulation led to either diminished (n = 7) or enhanced (n = 4) sucrose 

seeking (Figure S6D). These data suggest that while continuous, tonic unpaired pnVTAPnoc 

stimulation reduces PR performance, behavior-paired acute stimulation results in a divergent 

responding during the task, underscoring the additional complex features of this unique 

population within the pnVTA.

We next determined whether selective stimulation of pnVTAPnoc neurons causes a particular 

valence response (Namburi et al., 2016). We injected AAV5-DIO-EF1α-ChR2-eYFP into 

the pnVTA of Pnoc-Cre+ or Pnoc-Cre− mice and used a real-time place test (RTPT) 

paradigm (Figure 6H) to determine whether mice prefer or avoid neutral contexts paired 

with various photostimulation frequencies (0-60hz) (Al-Hasani et al., 2015). We found that 

photostimulation of pnVTAPnoc neurons (5Hz and 10Hz) produced significant real-time 

avoidance behavior (Figure S6H-I). This real time avoidance behavior is reversible, 

conserved following multiple test days, as well as within test (ON-OFF-ON), as 

demonstrated in Figure 6I.
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In a parallel series of experiments, we determined the effects of stimulating pnVTAPnoc 

neurons via excitatory (hM3Gq) chemogenetic manipulation. We injected AAV5-hSyn-DIO-

hM3Dq-mCherry into the pnVTA region of Pnoc-Cre+ and Pnoc-Cre− mice (Figure 6J) and 

tested mice in the PR task following CNO administration (1 and 5mg/kg, i.p.) We found that 

chemogenetic stimulation (5mg/kg CNO) of pnVTAPnoc neurons decreased operant 

responding and the number of rewards received during the PR task (Figure 6K-L, Figure 

S6K-L). In fact, we also found that CNO administration dose-dependently (1mg/kg and 

5mg/kg) decreased the total number of nosepokes and the total number of sucrose rewards 

received in Pnoc-CrehM3D(Gq) expressing mice (Figure 6M, Figure S6M). Both 1mg and 

5mg CNO doses reduced operant responding and subsequent reward received only in Pnoc-

CrehM3D(Gq) expressing mice (Figure 6G-6H). Nosepoke responses and rewards for Pnoc-

CrehM3D(Gq) mice treated with CNO + the NOPR antagonist J-113397 returned to similar 

levels as compared to mice following vehicle administration (Figure 6M, Figure S6M). 

These results demonstrate a reversal of CNO-induced reduction in PR responding and 

further indicate that stimulating pnVTAPnoc neurons releases nociceptin to act on NOP 

receptors.

We next determined whether stimulation of pnVTAPnoc neurons integrates salient negative 

affective information with associated environmental cues. Here we injected AAV5-hSyn-

DIO-hM3Dq-mCherry in Pnoc-Cre+ and Pnoc-Cre− mice and measured conditioned place 

preference (CPP) for the context paired with DREADD agonist CNO (Figure 6N). We 

observed that repeated administration of CNO (5 mg/kg, i.p.) in a paired context induced a 

robust conditioned place aversion (CPA) only in Pnoc-CrehM3D(Gq) mice (Figure 6O-P), 

without impacting locomotor activity, (Figure S6N). These data indicate that pnVTAPnoc 

neuron activation drives aversion in neutral environments and integrates negative valence 

with relevant contextual stimuli.

VTA NOPR Expression is Necessary and Sufficient for Constraining Reward Seeking

Our results above demonstrated involvement of both the neuropeptide nociceptin and NOPR 

in regulating sucrose seeking behavior; however, how and where these NOPR-mediated 

effects act is unknown. We next determined whether VTA NOPR expression is necessary 

and sufficient to coordinate this behavior. Using wildtype and NOPR knockout (KO) mice, 

we examined how selective NOPR agonist SCH-221510 administration impacts reward 

seeking within the PR task (Figure 7A). Here, we found that SCH-221510 administration 

(10mg/kg, i.p.) significantly reduced the number of nosepokes and rewards compared to 

baseline PR responding of wildtype mice, while having no significant effect in NOPR−/− 

mice (Figure 7B), complimenting previous experimental pnVTAPnoc manipulation results in 

Figure 6..Additionally, the administration NOPR agonist had no effect on the average lick 

rate during sucrose consumption (Figure 7C). This data indicates that exogenous NOPR 

stimulation is sufficient to reduce breakpoints for reward.

Next, to determine how and where NOPR mediates these effects on reward-seeking 

behavior, we recorded calcium transients in DA neurons in the VTA during pavlovian 

behavior following selective NOPR manipulation. In this experiment, DAT-Cre mice were 

injected with AAV-DJ-EF1α-DIO-GCaMP6s unilaterally into the VTA and implanted with 
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optical fiber in the medial-lateral VTA (Figure 7D). Mice were trained in a Pavlovian 

conditioning task as described in Figure 3J. Mice were either injected with vehicle, 

SCH-221015 (10 mg/kg, i.p.), or J-113,397 (3 mg/kg, i.p.) prior to in vivo photometry 

recording of DA neuron activity during responding to cue and sucrose rewards (Figure 7A, 

S7C-E). NOPR activation significantly reduced overall baseline DA neural activity, while 

NOPR blockade increased baseline activity as compared to vehicle treated groups. This 

bidirectional effect was observed during consumption, but not during cue presentation 

(Figure 7E-G). Despite the effects on DA cell activity, there were no differences in lick rate 

or consumption of sucrose across treatments (Figure S7D). These data suggest that NOPR 

impacts DA neuron excitability during reward behavior.

To determine the necessity of NOPR expression specifically within the VTA on motivation 

and reward-seeking behavior, we further examined these behaviors following VTA-specific 

conditional deletion of NOPR. We first generated an original conditional NOPR knockout 

mouse (Figure S7A-B) in order to selectively remove NOPR from regions and cell-types of 

interest. Here, we bilaterally injected 350nl of AAV5-PGK-Cre or AAV9-rTH-PI-Cre-SV40 

virus (for selective DA neuron expression) into the VTA of NOPRlox/lox (labeled NOPR 

cKO and NOPRTH-Cre, respectively) and control mice (Figure 7H). Using the same operant 

training and testing paradigms, we found that NOPR KO, VTANOPR cKO, and VTA 

NOPRTH-Cre cKO mice had significantly higher nosepokes and rewards received during 

operant responding as compared to littermate controls (Figure 7I). Similar to mice that have 

had pnVTAPnoc ablation or inhibition of pnVTA neurons (Figure 5), these NOPR KO, 

VTANOPR cKO, and VTA NOPRTH-Cre cKO mice showed a significant increase in 

responding for sucrose during the PR task (Figure 7J). Although, VTA NOPR cKO mice 

consumed more sucrose during the PR task, there was no difference in the average lick rate 

during reward consumption as a result of this manipulation (Figure S7F-G). Furthermore, to 

characterize this regional KO of NOPR, we used in situ hybridization for NOPR in VTA 

slices and found a significant reduction of NOPR mRNA expression in DA neurons 

(24±1.6%) in Cre-injected NOPRlox/lox mice, while leaving NOPR expression intact 

(99±0.7%) in control mice (Figure 7K-L). Additionally, VTA NOPRTH-Cre cKO mice show 

a significant reduction in NOPR expression as revealed by immunofluorescence of Cre in 

DA neurons (97±0.6%) and NOPR expression in DA neurons (20.3±3.3%) in rTH-PI-Cre-

injected NOPRlox/lox mice (Figure 7M-N).

To determine the sufficiency of NOPR in VTA DA neurons to produce these effects on 

reward seeking, we generated a mouse line of constitutive NOPR KO mice crossed to a Th-

Cre mouse line (Figure 7O). We then constructed an AAV5-EF1α-DIO-NOPR-eYFP virus 

and injected it into the VTA of NOPR−/− x TH-Cre+ mice to express NOPR only within 

VTA DA neurons (Figure 7O-P). We then trained these mice as in previous experiments and 

examined how the selective NOPR agonist SCH-221510 (10 mg/kg, i.p.) impacted PR 

responding for sucrose in mice that express NOPR only in VTA DA neurons. Here we found 

that SCH-221510 significantly reduced responding in NOPR−/−::NOPR-VTA mice, while 

leaving control (AAV5-EF1α-DIO-eYFP) animal responding was unaffected (Figure 7Q, 

S7I). This selective VTA DA NOPR expression and agonist stimulation did not alter lick rate 

or impact locomotor activity (Figure S7J-K). These results indicate a critical role for 
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endogenous nociceptin and NOPR activity on DA neurons. Together these data strongly 

support the conclusion that VTA NOPR activation constrains motivation to seek rewards.

DISCUSSION

We generated a Pnoc-Cre mouse line to specifically target and isolate Pnoc-expressing 

inputs into the VTA and map endogenous sources of nociceptin. Following examination of 

Pnoc expression patterns in two new Pnoc reporter lines (Figure 1) we identified numerous 

brain regions rich in Pnoc-expressing neurons. Considering our data indicating 

monosynaptic inputs onto VTA DA neurons, we investigated multiple potential 

neurobiological sources of nociceptin inputs into the VTA, and found that the pnVTA not 

only expressed a distinct pattern of nociceptin neuron labeling, but was also comprised of 

likely dense inputs onto VTA DA neurons. Considering that the VTA and other ventral 

midbrain nuclei contain heterogeneous neuronal populations, no studies to date have 

demonstrated the function of this unique Pnoc-containing neuron population within the 

pnVTA region.

When examining the activity of pnVTAPnoc neurons during reward seeking conditions, we 

found they have relatively low activity when rewards are readily accessible and effort 

requirements are low during the PR task or during reward anticipation in Pavlovian 

conditioning tasks. These neurons are dynamically engaged during higher PR levels when 

mice are nosepoking infrequently for reward and not achieving sipper access (Figure 2G). In 

fact, we find that neural activity is highest when mice are reaching their breakpoint and 

terminate their reward-seeking behavior. Distinct activation of pnVTAPnoc neurons was also 

observed directly after the reward period when the sucrose sipper retracted and mice could 

no longer consume the reward. Although pnVTAPnoc neurons are very active when current 

reward access is removed, they surprisingly did not exhibit any significant signal associated 

with reward prediction errors that have been canonically observed in DA cells within the 

VTA (Figure 3B). This is a surprising finding as DA cells phasically increase firing in 

response to reward predictive cues in anticipation of reward and are also dramatically 

suppressed when expected rewards are not received (Schultz et al., 1997; Hart et al., 2014). 

Together, the endogenous activity of pnVTAPnoc neurons indicates that they do not signal 

errors in reward prediction, but rather signal to limit the motivation for reward. Indeed, 

mesolimbic DA is necessary for potentiating reward-seeking behavior when the effort 

required for reward is greater and the rate of reward attainment is lower, while DA activity is 

lower when future rewards are uncertain and the effort to reward payout ratio is greater 

(Gan, Walton, and Phillips, 2010; Hamid et al., 2016). Here we report that the pnVTAPnoc 

neurons are increasingly active as nosepoke rate declines and likely inhibit VTA DA neurons 

during low-yield reward seeking via release of nociception and subsequent NOPR activation. 

It is possible that pnVTAPnoc neurons increasingly suppress DA neuron tonic activity to 

diminish and regulate seeking for less attainable rewards.

Given endogenous pnVTAPnoc activity during reward seeking, we hypothesized that these 

neurons contribute inhibitory tone during sucrose seeking to limit motivation. Indeed, we 

observed increased PR performance following chronic ablation or inhibition of pnVTAPnoc 

neurons. Interestingly, PR performance also increased when inhibition of pnVTAPnoc 
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neurons was time-locked only to nosepoke events (Figure 5K-5N). These data suggest that 

pnVTAPnoc neurons terminate seeking behavior particularly when the effort to obtain the 

reward increases. Accordingly, continuous pnVTAPnoc neuron stimulation reduced PR 

performance indicating that enhanced pnVTAPnoc activity is sufficient to diminish the 

pursuit of natural rewards, while NOPR antagonist administration reversed this effect. It was 

uncertain whether this loss in motivation is due to the promotion of a negative affective state 

or the enhancement of an existing inhibitory tone that coordinates the intersection of reward 

value and effort. pnVTAPnoc neuron stimulation resulted in active avoidance during real-time 

stimulation and mice avoided stimulation-paired environmental stimuli within the CPP 

assay. These data are indicative of a neuronal population that also promotes a negative 

affective state. Interestingly, this data parallels other studies that demonstrate that mice avoid 

VTA DA neuron inhibition (Tan et al., 2012; Danjo et al., 2014). pnVTA Pnoc neurons are 

likely positioned to receive input related to affective stimuli that subsequently drive 

inhibitory tone onto local VTA DA neuron populations, which would translate into reduced 

motivation in reward contexts and a negative affective state in non-reward contexts.

To further characterize this unique VTAPnoc population, we also assessed the activity of 

these neurons under a variety of reward epochs and behaviors. Examination of VTAPnoc 

activity during the reward access period and anatomical analysis of fiber optic placement 

location within the VTA revealed two additional discrete activity patterns during reward 

consumption; increased Pnoc neuron activity in the pnVTA and a suppression of activity in 

the posterior VTA. This bimodal population response may be due to the activation of a 

network of neurons that respond specifically to sucrose consumption. Indeed, it is known 

that posterior RMTG GABAergic inputs to the VTA are suppressed during reward 

consumption (Hong et al., 2011). It is possible that there are two Pnoc+ VTA input 

populations that are engaged during reward consumption: one posterior GABAergic pathway 

that is inhibited and one anterior glutamatergic pathway that is excited. In fact, our 

histological data show that the pnVTAPnoc neurons in anterior VTA predominantly express 

glutamatergic (Figure 4) markers. Recent work by Root et al. (2018) revealed that a majority 

VTA VGlut2-expressing neurons’ activity increases in response to aversive stimuli and 

decreases in response to rewarding stimuli. However, they also report other subpopulations 

that respond to different behaviorally relevant conditions. These are characteristics that we 

also observe within our cell population, as sucrose consumption enhances pnVTAPnoc 

neuron activity, while stimulation of pnVTAPnoc neurons drives aversion. Interestingly, our 

electrophysiological results revealed primarily GABAergic Pnoc neuron monosynaptic 

connectivity to putative DA neurons (Figure 4I-K). Although this establishes a 

subpopulation of GABA-containing Pnoc neurons within the VTA, the distinct pattern of 

expression we observed within the pnVTA was preserved throughout all viral infection 

experiments as described here and is indicative of an anterior, predominantly glutamatergic, 

population of pnVTAPnoc neurons. Specifically, we propose a distinct glutamatergic Pnoc 
population that is medial and ventral to DA neurons and a GABAergic Pnoc population that 

lies more lateral and dorsal to the VTA (Figure 4P-Q). In addition, TRAP RNAseq 

transcriptomic analysis revealed that pnVTAPnoc neurons are enriched in a number of unique 

receptors, transmitters, and peptides, including vGLUT2 (slc17a6), neurotensin-1 receptor 

(NTSR1), and orexin-1 receptor (HCRTR1) (Figure 4M-N). The enrichment of these 
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specific genes within these neurons is of particular interest as these genes are also found 

within some VTA DA neurons (Baimel et al., 2015; Binder et al., 2001). Considering this 

data, pnVTAPnoc neurons may receive input from hypothalamic areas that help to coordinate 

reward motivation. This activity may provide feedback to VTA DA neurons to coordinate the 

intersection of reward value and reward-seeking action, however these hypotheses require 

future circuit-based experiments.

Recent studies have demonstrated that monoamine nuclei including the VTA, dorsal raphe, 

and locus coeruleus have a diverse host of neuronal populations based on their anatomical 

localization and projection target (Matthews et al., 2016; Seo et al, 2016; Beier et al, 2015). 

However, prior studies (Morales and Margolis, 2017) have yet to determine the connectivity 

and/or function of critical neuropeptide producing neurons in the VTA. Further investigation 

of VTA neuropeptide and neurotransmitter heterogeneity using intersectional genetic 

methods will elucidate how the VTA coordinates complex inputs to shape motivated 

behavior.

Given the concomitant intersection of results that indicate a unique pnVTAPnoc population 

regulates reward seeking by nociceptin release, we further determined whether there is a 

critical, necessary role for NOPR within the VTA in maintaining normal reward seeking. 

Global NOPR KO and conditional NOPR deletion from VTA DA cells dramatically 

enhanced reward-seeking behaviors in a manner similar to pnVTAPnoc neuron ablation and 

inhibition (Figure 5). This data indicates that, along with our electrophysiological and 

tracing studies, the action of pnVTAPnoc neurons on reward seeking is mediated through 

NOPR activation on dopaminergic VTA neurons. Interestingly, fiber photometry recordings 

of VTA DA activity during Pavlovian conditioning revealed that agonist activation of NOPR 

suppressed baseline DA neural activity. Phasic DA activity in response to the reward-

predictive cue was left largely intact during NOPR activation while persistent DA activity 

during reward consumption was suppressed. This suggests that VTA NOPR activation may 

selectively limit PR performance by dramatically shifting dopaminergic tone. This finding is 

further supported by pnVTAPnoc manipulation affecting effort for reward, but not the rate of 

reward consumption. Lastly, we demonstrated that the conditional rescue and stimulation of 

NOPR specifically in VTA DA neurons greatly diminishes breakpoint responding. These 

data demonstrate the effectiveness of NOPR stimulation in inhibiting seeking for sucrose 

when it is exclusively expressed and stimulated in VTA DA neurons. Collectively, these data 

support a unique role of intra-VTA nociceptin release and subsequent NOPR activation 

acting to dynamically constrain DA neuron activity during reward-seeking behavior. In our 

case, an absent VTA nociceptin or NOPR system allows higher breakpoints for obtaining 

rewards in which a normally functioning NOPR system would typically engage and regulate 

appropriate reward seeking under various environmental conditions through DA neuron 

inhibition.

Our findings present a previously unknown pnVTA cell population of nociceptin-containing 

neurons that are positioned to suppress reward seeking via localized peptidergic action on 

NOPR-expressing VTA dopamine neurons. Understanding how this discrete pnVTA nucleus 

is critical to the regulation of motivation provides essential insights into the diverse 

behavioral functions of the VTA. How local VTA regions and neuropeptides are functionally 
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defined at the circuit, cellular, and molecular level reveals insights into how the VTA 

coordinates homeostatic motivational balance during dysregulated motivational states like 

depression and addiction.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Additional information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Michael Bruchas (mbruchas@uw.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Adult (20–35g) male and female prepronociceptin-IRES-Cre (Pnoc-Cre), NOPR 

KO, NOPR cKO mice were group housed, given access to food pellets and water ad libitum, 

and maintained on a 12 hr: 12 hr light:dark cycle (lights on at 7:00 AM). All mice were kept 

in a sound-attenuated, isolated holding facility in the lab one week prior to surgery, post-

surgery, and throughout the duration of the behavioral assays to minimize stress. For 

ablation, chemogenetic, and optogenetic experiments, we used Cre- cage and littermate 

controls. For NOPR KO and NOPR cKO behavioral experiments, experimental mice were 

compared to age-matched wildtype controls. Unless otherwise noted, animals had ad libitum 

access to food and water. The mice were bred at Washington University in Saint Louis by 

crossing the Pnoc-Cre mice, NOPR KO, and NOPR cKO with C57BL/6 wild-type mice and 

backcrossed for seven generations. Additionally, where needed, Pnoc-Cre mice were then 

crossed to Ai9-tdTomato and Ai32-ChR2-eYFP mice on C57BL/6 background, bred, and 

backcrossed for seven generations. For the generation of NOPRlox/lox mice, Exon 4 of 

NOPR was flanked on both sides by loxP sites. All animals were drug and test naive, 

individually assigned to specific experiments as described, and not involved with other 

experimental procedures. Student’s t-tests did not detect any statistically significant 

difference when comparing animals grouped by sex, therefore male and female mice were 

combined to complete final group sizes. All animals were monitored for health status daily 

and before experimentation for the entirety of the study. All procedures were approved by 

the Animal Care and Use Committee of Washington University in St. Louis and performed 

in accordance with the National Institute of Health’s guide for the care and use of laboratory 

animals.

Generation of Pnoc-IRES-Cre mouse line—129 BAC genomic clones containing the 

Pnoc genes was used to target a cassette containing the Cre recombinase gene preceded by 

an internal ribosomal entry sequence (IRES-Cre) downstream of the Pnoc stop codon, so as 

to have endogenous Pnoc genes drive Cre recombinase expression. The Pnoc-IRES-Cre 

targeting constructs were electroporated into W4 ES cells and screened using an FRT-

flanked neo-cassette. Targeted clones were injected into blastocysts. Chimeras were obtained 

and bred for germline transmission of the Pnoc-IRES-Cre allele. Following germline 

transmission, Pnoc-IRES-cre mice were crossed to Rosa-FLPR mice to remove the neo 

cassette at the 3′end of the IRES-cre sequence.
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METHOD DETAILS

Tissue processing—Unless otherwise stated, animals were transcardially perfused with 

0.1 M phosphate-buffered saline (PBS) and then 40 mL 4% paraformaldehyde (PFA). Brains 

were dissected and post-fixed in 4% PFA overnight and then transferred to 30% sucrose 

solution for cryoprotection. Brains were sectioned at 30 μM on a microtome and stored in a 

0.01M phosphate buffer at 4°C prior to immunohistochemistry and tracing experiments. For 

behavioral cohorts, viral expression and optical fiber placements were confirmed before 

inclusion in the presented datasets.

Immunohistochemistry—Immunohistochemistry was performed as previously described 

by (Al-Hasani et al., 2013; Kim et al., 2013; McCall et al., 2015). In brief, mice were 

intracardially perfused with 4% paraformaldehyde, and then brains were sectioned (30μm) 

and placed in 0.1 M PB until immunohistochemistry. Free-floating sections were washed in 

0.1 M PBS for 3 × 10 minutes intervals. Sections were then placed in blocking buffer (0.5% 

Triton X-100 and 5% natural goat serum in 0.1 M PBS) for 1 hr at room temperature. After 

blocking buffer, sections were placed in primary antibody (chicken anti-tyrosine 

hydroxylase,1:2000, Aves Labs, Inc.; rabbit anti-nociceptin, 1:500, abcam) overnight at 

room temperature. After 3 × 10-minute 0.1 M PBS washes, sections were incubated in 

secondary antibody (AlexaFluor 488 goat anti-rabbit; AlexaFluor 594 or 633 goat anti-

chicken, Life Technologies) for 2 hours at room temperature, followed by subsequent 

washes (3 X 10 minute in 0.1 M PBS). Later, sections were incubated in NeuroTrace 

(435/455 blue fluorescent Nissl stain, ThermoFisher Scientific) for 1 hour, followed by 3 × 

10 minute 0.1 MPBS then 3 × 10-minute 0.1 M PB washes. After immunostaining, sections 

were mounted and coverslipped with Vectashield HardSet mounting medium (Vector 

Laboratories) and imaged on a Leica TCS SPE confocal microscope.

RNAscope Fluorescent In Situ Hybridization (FISH)—Following rapid decapitation 

of mice, brains were flash frozen in −50°C 2-methylbutane and stored at −80°C for further 

processing. Coronal sections containing the BNST, CeA, and VTA/IPN regions, 

corresponding to the injection plane used in the behavioral experiments, were cut at 20μM at 

−20°C and thaw-mounted onto Super Frost Plus slides (Fisher). Slides were stored at −80°C 

until further processing. FISH was performed a ccording to the RNAScope® 2.0 Fluorescent 

Multiplex Kit for Fresh Frozen Tissue (Advanced Cell Diagnostics, Inc.) as described by 

Wang et al., 2012. Slides containing the specified coronal brain sections were fixed in 4% 

paraformaldehyde, dehydrated, and pretreated with protease IV solution for 30 mins. 

Sections were then incubated for target probes for mouse Pnoc, (accession number 

NM_010932.2, probe region 325-1263), VGlut (slc17a6, accession number NM_080853.3, 

probe region 1986-2998), VGat (slc32a1, accession number NM_009508.2, probe region 

894-2037), Cre (accession number KC845567.1, probe region 1058-2032), NOPR 

(accession number NM_011012.5, probe region 988-1937, TH (accession number 

NM_009377.1, probe region 483 – 1603), DAT (slc6a3, accession number NM_010020.3, 

probe region 1486-2525) and GFP (accession number AF275953.1, probe region 12-686) for 

2 hrs. All target probes consisted of 20 ZZ oliogonucleotides and were obtained from 

Advanced Cell Diagnostics. Following probe hybridization, sections underwent a series of 

probe signal amplification steps (AMP1-4) including a final incubation of fluorescently 

Parker et al. Page 16

Cell. Author manuscript; available in PMC 2020 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



labeled probes (Alexa 488, Atto 550, Atto 647), designed to target the specified channel 

(C1-C3 depending on assay) associated with the probes. Slides were counterstained with 

DAPI and coverslips were mounted with Vectashield Hard Set mounting medium (Vector 

Laboratories). Images were obtained on a Leica TCS SPE confocal microscope (Leica), and 

Application Suite Advanced Fluorescence (LAS X) and ImageJ/Fiji software were used for 

analyses. Images for Pnoc Cre+ and Pnoc Cre− mice for quantification of Pnoc / Cre 

coexpression were carried out under the same standards (i.e. intensity, threshold, exposure 

time for each slide). To analyze the images, each image was opened in ImageJ software 

using the “Color Threshold” function, selecting the default threshold method and RGB color 

space. Within the threshold window, the default the settings were kept consistent for each 

slide. After adjusting for fluorescence threshold, we counted the total pixels of the 

fluorescent signal, assuming that each pixel represents a single molecule of RNA as per 

RNAscope’s methodology. A positive cell consisted of an area within the radius of a DAPI 

nuclear staining that measured at least 10 total positive pixels and an integrated density of 

>5. Three separate slices from the BNST, CeA, and pnVTA were used for each animal and 

that total is reflected in the data (n = 4).

Stereotaxic viral / optical fiber implant surgeries—After the mice were acclimated 

to the holding facility for at least seven days, the mice were anaesthetized in an induction 

chamber (1-4% isoflurane) and placed into a stereotaxic frame (Kopf Instruments, Model 

1900) where they were maintained at 1-2% isoflurane. Mice were then injected unilaterally 

or bilaterally, depending on experimental paradigm, using a blunt needle (86200, Hamilton 

Company) at a rate of 100 nL / min. The type of virus, injection volume, and stereotaxic 

coordinates for each experiment are listed in Supplementary Table 1. Mice were allowed to 

recover for five weeks prior to behavioral testing, permitting optimal expression of the virus. 

For optogenetic experiments, one week prior to behavioral testing, intracranial optic fiber 

implants were directed above the VTA (AP −3.15, ML ± 0.5, DV −4.25). Implants were 

secured using at least two bone screws and a dental cement headcap (Lang Dental).

Generation of TRAP virus—The TRAP construct (eGFP/Rpl10a), a generous gift from 

N. Heintz lab, was PCR cloned into a commercial Gateway compatible entry vector 

(pENTR-3C), sequenced to confirm coding sequence, then transferred into an AAV-EF1α-

DIO-Gateway destination vector using LR-clonase (Invitrogen) and following the 

manufacture’s protocol (Heiman et al., 2008). AAV-EF1α-DIO-Gateway plasmid was 

previously generated by replacing Chr2-eYfp from AAV-EF1α-DIO-ChR2-eYFP with an 

ATTR flanked Gateway acceptor cassette. The resulting AAV-EF1α-DIO-TRAP Plasmid 

was maxiprepped, sequence confirmed, then packaged by UNC Vector Core using standard 

protocols. Cre dependence was confirmed anatomically in independent mice and TRAP 

construct showed cytoplasmic and nucleolar localization within cells consistent with 

incorporation into ribosomes.

TRAP RNAseq Assay—TRAP was carried out as described in Sakers et al., 2017. 

Briefly, a 1mm coronal slice was dissected 6mm caudal to the base of the olfactory bulbs. 

Five slices (across 5 mice) were pooled and homogenized in cold lysis buffer (10 mM 

HEPES [pH 7.4], 150 mM KCl, 5 mM MgCl2, 0.5 mM dithiothreitol, 100 μg/ml 
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cycloheximide, protease inhibitors, and recombinant RNase inhibitors) using a Teflon-glass 

homogenizer and a power drill. Homogenates were spun at 2,000xg for 10 minutes, and the 

resulting supernatant was lysed with 30mM DHPC and 1% NP40 followed by incubation on 

ice for 15 minutes. The lysate was then cleared at 20,000xg for 20 minutes, and the resulting 

supernatant was applied to EGFP-coated magnetic beads. 10% of this input was kept for a 

‘Pre-IP’ sample. Immunoprecipitations were carried out for 4 hours at 4C with constant 

rotation. Four 1mL washes were carried out with wash buffer (10 mM HEPES [pH 7.4], 350 

mM KCl, 5 mM MgCl2, 1% NP-40, 0.5mM dithiothreitol, 100 μg/ml cycloheximide and 

recombinant RNase inhibitors). RNA extraction using Trizol LS was carried out followed by 

Zymo RNA clean and concentrator-5 kit, with DNAse treatment, according to 

manufacturer’s guidelines.

Library Prep and Sequencing: cDNA was made and amplified from 1ng of RNA using the 

Ovation RNA Amplification System V2 from NuGEN. cDNA was sheared to ~200bp using 

a Covaris sonicator. RNA-sequencing libraries were made from 600ng of sheared cDNA 

with the NEBNext Ultra DNA Library Prep Kit for Illumina. ~90-95M 50bp reads were 

obtained, per sample, on an Illumina HiSeq 2500 and analyzed using an in-house pipeline as 

described in Sakers et al., 2017. Briefly, reads were trimmed using Trimmomatic (v0.33), 

aligned to the genome using STAR (Mouse Ensembl 77) and counted with HTseq. Counts 

per million analyses were performed in R using the edgeR package (R Foundation for 

Statistical Computing, Vienna, Austria).

Gene ontology: Gene ontology analysis was performed using the BiNGO application from 

Cytoscape (v3.4.0). Enriched genes were identified with a Benjamini-Hochberg corrected 

Hypergeometric test, at a significance level of p < 0.05. Pre-IP genes with counts above 2 

were used as a reference set for enrichment.

Patch-clamp electrophysiology—Mice were anesthetized with pentobarbital (50 

mg/kg) before transcardial perfusion with ice-cold sucrose cutting solution containing the 

following (in mM): 225 sucrose, 119 NaCl, 1.0 NaH2P04, 4.9 MgCl2, 0.1 CaCl2, 26.2 

NaHCO3, 1.25 glucose, 305 mOsm. Brains were then rapidly removed, and coronal sections 

300μm thick were taken using a vibratome (Leica, VT 1200). Sections were then incubated 

in aCSF (32°C) containing the following (in mM): 119 NaCl, 2.5 KCl, 1.0 NaH2P04, 1.3 

MgCl, 2.5 CaCl2, 26.2 NaHCO3, 15 glucose, 305 mOsm. After an hour of recovery, slices 

were constantly perfused with aCSF (32°C) and visualized using differential interference 

contrast through a 40x water-immersion objective mounted on an upright microscope 

(Olympus BX51WI). Whole-cell recordings were obtained using borosilicate pipettes (3–5 

MΩ) back-filled with internal solution containing the following (in mM): 130 K gluconate, 

10 KCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2 ATP, 0.2 GTP (pH 7.35, 270-285 mOsm). 

Current-clamp recordings were obtained from eYFP-expressing neurons to identify spike 

fidelity in optogenetic stimulation. During recordings, a train of 10 action potentials were 

evoked through presentation of a blue LED (488nm, 1mW, 1 and 10ms pulses) at 

frequencies of 1, 5, 10, 20, and 60Hz. Spike fidelity was quantified as the percentage of light 

presentations that resulted in action potential induction. Data acquisition occurred at 10 kHz 

sampling rate through a MultiClamp 700B amplifier connected to a Digidata 1440A digitizer 
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(Molecular Devices) and were analyzed using threshold analysis in Clampfit 10.3 

(Molecular Devices).

Behavior—All behaviors were performed within a sound-attenuated room maintained at 

23°C at least one week after habituation to the holding room and the final surgery. For all 

experiments, mice were brought into the experimental behavior space and allowed to 

acclimate for at least 30 minutes. For all experiments, experimenters were blinded to mouse 

genotype or experimental manipulation. For chemogenetic and optogenetic behavior 

experiments, CNO dose and frequency of light stimulation were randomly assigned using 

block randomization, unless otherwise indicated. All pharmacological interventions (e.g. 

agonists and antagonists) were randomized and counterbalanced via block randomization 

prior to experimentation. Replication of operant responding behavior (e.g. PR test) was only 

used to compare experimental and control treatments with treatments counterbalanced 

between all mice. Sample-size estimation was determined via power analysis (G*Power 3; 

Faul et al., 2007) with a power of 0.85 and a standard deviation of 15-20% of the mean. 

Lighting was stabilized at ~1,500 lux for aversion behaviors, ~250 lux for anxiety-like 

behaviors. Movements were video recorded via CCD camera and analyzed using Ethovision 

XT 11 (Noldus Information Technologies). At the end of each study, mice were perfused 

with 4% paraformaldehyde followed by anatomical analysis to confirm injection sites and 

cell-type-specific expression.

Operant Progressive-Ratio Test—Food restricted (~90% of free feeding body weight) 

mice were placed in a Med-Associates operant conditioning box and subjected to magazine 

training during which a retractable lickometer containing a 10% sucrose solution extended 

for 20s at 20 random intervals for 60 minutes. Each sipper presentation was accompanied by 

illumination of a houselight. Following magazine training, mice were trained to nosepoke 

for lickometer access on a fixed ratio 1 (FR1) for 3 days (60 minutes/session). This required 

the mouse to nosepoke in the active nosepoke port one time to receive 20 seconds of access 

to the sipper. Following FR1 training, the ratio was increased to an FR3 schedule requiring 

the mouse to perform 3 active port nosepokes to receive access to the sipper. This schedule 

was used for 3 days (60 minutes/session). Finally, mice were given a progressive ratio 

schedule (PR) task following the geometric progression, nj = 5e j/5− 5, in which the criteria 

for rewards increased in an exponential manner (1, 2, 4, 6, 9, 12…) over the training period 

(Richardson and Roberts, 1996). For photostimulation and photoinhibition, mice received 5 

Hz or 10 Hz stimulation (473 nm, 10 ms pulse width, ~10 mW light power) and (532 nm, 

~10 mW light power), respectively upon placement into the operant chamber. During all 

optogenetic experiments, mice were counterbalanced to receive the appropriate 

photostimulation or photoinhibition parameters. In photostimulation experiments, animals 

received 5Hz stimulation during the entire PR session, 10Hz stimulation time-locked to 

nosepoking during the PR session, or 10Hz stimulation time-locked to licking of sucrose 

reward during PR session. In photoinhibition experiments, animals received either 1 sec of 

illumination time-locked to nosepoking during the PR session or 1 sec of illumination time-

locked to licking of sucrose reward during PR session. For chemogenetic experiments, mice 

received an injection of vehicle or CNO (1 mg/kg; 5 mg/kg, i.p.) 30 minutes prior to being 
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placed in the operant chamber on PR test day. For antagonist experiments, NOPR antagonist, 

J-113397 was administered (3 mg/kg, i.p.) 15 minutes prior to behavioral test.

Pavlovian Conditioning Paradigm—One week prior to Pavlovian conditioning, mice 

were food restricted down to ~90% of free feeding body weight. A subset of the Pnoc-Cre 

fiber photometry mice (n = 10) and DAT-Cre fiber photometry mice (n = 7) were trained to 

associate illumination of a house light (CS) with access to a sipper with 10% sucrose 

solution (US) within a Med-Associates operant box (ENV-307A). The house light would 

illuminate 6 s prior to sipper presentation. The sipper remained accessible for 20 seconds 

before it retracted and the house light shut off. A randomized intertrial interval of between 

30-90 seconds separated consecutive trials. Pavlovian conditioning sessions lasted for 30 

minutes, over which an average of 19-20 rewards were presented. For reward omission 

sessions, the first 10 rewards were cued and subsequently delivered as normal and every 

following trial only involved house light illumination with no sipper presentation. 

Simultaneous fiber photometry recordings were made during Pavlovian conditioning 

sessions as indicated in Results section. NOPR antagonist, J-113397 (3 mg/kg, i.p.) or 

SCH-221510 (10mg/kg, i.p.) were administered 15 minutes prior to Pavlovian conditioning.

In Vivo Fiber Photometry—Fiber photometry recordings were made throughout the 

entirety of 30-minute Pavlovian conditioning sessions and 1-hour FR3 and PR sessions. 

Prior to recording during Pavlovian or operant behavior sessions, an optic fiber was attached 

to the implanted fiber using a ferrule sleeve (Doric, ZR_2.5). Two LEDs were used to excite 

GCaMP6s. A 531-Hz sinusoidal LED light (Thorlabs, LED light: M470F3; LED driver: 

DC4104) was bandpass filtered (470 ± 20 nm, Doric, FMC4) to excite GCaMP6s and evoke 

Ca2+-dependent emission. A 211-Hz sinusoidal LED light (Thorlabs, LED light: M405FP1; 

LED driver: DC4104) was bandpass filtered (405 ± 10 nm, Doric, FMC4) to excite 

GCaMP6s and evoke Ca2+-independent isosbestic control emission. Prior to recording, a 

120 second period of GCaMP6s excitation with 405 nm and 470 nm light was used to 

remove the majority of baseline drift. Laser intensity for the 470 nm and 405 nm wavelength 

bands were measured at the tip of the optic fiber and adjusted to ~50 μW before each day of 

recording. GCaMP6s fluorescence traveled through the same optic fiber before being 

bandpass filtered (525 ± 25 nm, Doric, FMC4), transduced by a femtowatt silicon 

photoreceiver (Newport, 2151) and recorded by a real-time processor (TDT, RZ5P). The 

envelopes of the 531-Hz and 211-Hz signals were extracted in real-time by the TDT 

program Synapse at a sampling rate of 1017.25Hz

Photometry Analysis—Custom MatLab scripts were developed for analyzing fiber 

photometry data in context of mouse behavior. The isosbestic 405 nm excitation control 

signal was subtracted from the 470 nm excitation signal to remove movement artifacts from 

intracellular Ca2+-dependent GCaMP6s fluorescence (see Figure S2A). Baseline drift was 

evident in the signal due to slow photobleaching artifacts, particularly during the first several 

minutes of each hour-long recording session. A double exponential curve was fit to the raw 

trace and subtracted (see Figure S2B) to correct for baseline drift. After baseline correction, 

the photometry trace was z-scored relative to the mean and standard deviation of the hour-

long session. The post-processed fiber photometry signal was analyzed in the context of 
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animal behavior during Pavlovian conditioning and operant task performance. Pearson 

correlations, one sample t-tests, two sample t-tests and two-way ANOVAs were performed 

using standard MATLAB functions “corr”, “ttest”, “ttest2” and “anovan”, respectively. ΔF/F 

was calculated as individual fluorescence intensity measurements relative to median 

fluorescence of entire session for 470nm channel.ΔF/F for DA cell NOPR manipulation 

experiments (see Figure 7) was calculated as individual fluorescence intensity measurements 

relative to median fluorescence of the entire vehicle treatment session. Recorded calcium 

dynamics were averaged into 2-second time bins and functionally categorized based on 

behavioral state of the animal: baseline activity during inter-trial interval, reward 

anticipation activity during cue presentation, or consumption activity when cue is present 

and animal is actively licking. A minority of scheduled FR3 and PR recording sessions were 

either excluded from analysis due to animal licking while sipper was retracted or not 

recorded due to fiber optic implant detachment before behavioral schedule was completed. 

65/65 Pavlovian conditioning sessions, 33/36 planned FR3 sessions and 32/36 planned PR 

sessions were recorded and retained.

Real-Time Place Testing—We used custom-made unbiased, balanced two-compartment 

conditioning apparatus (52.5 × 25.5 × 25.5 cm) as described previously (Jennings et al., 

2013; Stamatakis and Stuber, 2012). Each compartment was assigned either constant laser 

stimulation or no stimulation in a counterbalanced manner. Each animal was connected to a 

473 nm laser via 200μm fiber optic patch cable then placed into the non-stimulation 

compartment at the onset of the experiment. Mice were allowed to freely roam between the 

two compartments for 30 minutes. Entry into the stimulation-paired compartment triggered 

constant photostimulation at either 5Hz, 10Hz, 20Hz or 60Hz (473 nm, 10 ms pulse width, 

~10 mW light power) while the mouse remained in the stimulation-paired compartment. 

Entry into the non-stimulation compartment ended the photostimulation. The compartment 

paired with photostimulation was counterbalanced across all mice. Time spent in each 

compartment and total distance traveled for the entire 30-minute trial was recorder via CCD 

camera and measured using Ethovision 10 (Noldus Information Technologies, Leesburg, 

VA). Real-time preference was calculated by dividing the time spent in the stimulation-

paired side by the total time in the apparatus.

Conditioned Place Preference—We used a modified three-chamber CPP apparatus 

consisting of two square boxes (27 cm × 27 cm) that served as the conditioning chambers 

separated by a small center area that served as the passageway (5 cm wide × 8 cm long) 

between boxes. Boxes had 2.5 cm black-and-white vertical stripes or horizontal stripes and 

floors were covered with 500 ml of bedding on each side. The floor of the center area was 

smooth Plexiglas. Mice were transported to the CPP behavior testing room and handled once 

per day for at least 7 days before behavioral testing. Mice were then conditioned using a 

semi-biased and counterbalanced CPP. On day one, mice were pretested for an initial bias to 

the conditioning apparatus and allowed to explore all three regions of the box drug-free for 

20 minutes. Mice were paired in a counterbalanced fashion. Mice that spent >300 s on one 

side during the pretest were excluded due to potential side bias. Conditioning occurred over 

the following 2 days in which mice received a subcutaneous injection of saline in the 

morning and immediately confined to one side of the CPP box for 20 min. In the afternoon, 
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at least 4 hours after the morning conditioning session, mice received an injection of CNO (5 

mg/kg, i.p.) and were immediately confined to the opposite side for 20 min. This dose of 

CNO has been shown to be effective in activating DREADDS. Control (vehicle-injected) 

mice received saline injections during both A.M. and P.M. conditioning sessions. The 

following day, mice were tested for a preference for the CNO-paired side following the same 

procedure as the pretest. Preference scores were calculated by subtracting time spent in the 

CNO-paired side during the pretest from time spent in the CNO-paired side during the 

posttest.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses—All data collected were averaged and expressed as mean ± SEM. 

Statistical significance was taken as *p < 0.05, **p < 0.01, and ***p < 0.001, as determined 

by Pearson’s correlation, student’s t-test, one-way ANOVA or a two-way repeated-measures 

ANOVA followed by Bonferroni post hoc tests as appropriate. For in situ hybridization and 

electrophysiology data, we used Student’s t-test. For photometry experiments, we used 

Pearson’s correlation and student’s t-tests, as appropriate. For ablation, chemogenetic, and 

optogenetic behavioral experiments, we used one-way or two-way repeated-measures 

ANOVA followed by a Bonferroni post hoc tests, as described in Figures 4-6. For NOPR KO 

and NOPR cKO behavioral experiments, we used two-way repeated-measures ANOVA 

followed by a Bonferroni post hoc test, as described in Figure 7. All n values for each 

experimental group are described in the appropriate figure legend. For behavioral 

experiments, group size ranged from n = 5 to n = 18. For in situ hybridization quantification 

experiments, slices were collected from 4 mice, with data averaged from 3-4 slices per 

mouse (n = 4). For electrophysiology experiments, the number of cells recorded were as 

follows: n = 4 for recorded Pnoc-CreChR2 neurons, n = 11 for putative dopamine neurons, 

and n = 12 for putative non-dopamine neurons. For TRAP-RNA sequencing experiment, 

tissue slices were collected from 5 mice, with data averaged from 5 slices per mouse (n = 5). 

Statistical analyses were performed in GraphPad Prism 7.0 (Graphpad, La Jolla, CA) and 

MATLAB 9.1 (The MathWorks, Natick, MA).

DATA AND SOFTWARE AVAILABILITY

RNA sequencing data for pnVTAPnoc neurons from Figure 4 have been deposited and are 

available from GEO (Accession: GSE108813). Custom MATLAB analysis code was created 

to appropriately organize, process, and combine photometry recording data with associated 

behavioral data. Analysis code for photometry from Figure 2 and 3 is available online at: 

www.github.com/BruchasLab. The full behavioral data set supporting the current study are 

available from the corresponding author upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• pnVTAPnoc neurons project locally onto VTA dopamine neurons

• pnVTAPnoc neurons become active when animals are demotivated to seek 

rewards

• Stimulation of pnVTAPnoc neurons reduces breakpoint and promotes 

avoidance behavior

• VTA dopamine neuron NOPR expression is necessary to limit reward-seeking 

behavior
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Figure 1: Anatomical Identification of Endogenous Pnoc-expressing VTA Inputs
(A-B) Generation of the Pnoc-CretdTomato and Pnoc-CreChR2/eYFP mouse lines from the 

cross between the Pnoc-Cre × Ai9-tdTomato or Pnoc-Cre × Ai32-ChR2/eYFP. Sagittal 

images of Pnoc labeling in Pnoc-Cre × Ai9 or Ai32 with coronal images depicting bed 

nucleus of stria terminalis (BNST), central amygdala (CeA), and paranigral ventral 

tegmental area (pnVTA). Images show tdTomato (red) or ChR2/eYFP (green) and Nissl 

(blue) staining. Scale bars are 100 μm.

(C) Representative coronal images for Pnoc in situ hybridization from Allen Brain Institute 

of the BNST, CeA, VTA/IPN regions. All scale bars are 100 μm.

(D) Sagittal atlas images depicting the location of BNST, CeA, and VTA regions used for 

quantification.

(E) Pnoc and Cre expression patterns in Pnoc-Cre+ mice via in situ hybridization of Pnoc 
(green), Cre (red), and DAPI (blue) for coronal images of BNST, CeA, and pnVTA regions 

corresponding to panel D. Scale bars are 25 μm.

(F) Quantification of Pnoc expression within Cre-expressing cells in the BNST, CeA, and 

pnVTA (n=4, 4 mice, 3 slices each)

Parker et al. Page 28

Cell. Author manuscript; available in PMC 2020 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(G) Schematic depicting in situ hybridization for GFP (red) and Pnoc (green) mRNA 

following recombinant AAV helper viral and rabies viral injections into the VTA of DAT-Cre 

mice.

(H) Coronal image depicting cre-dependent helper (red) and monosynaptic rabies (green) 

viral expression in the VTA / IPN regions of DAT-Cre mice. PBP- parabrachial pigmented 

nucleus, PN – paranigral VTA. Scale bars are 200 μm.

(I) Coronal image depicting fluorescent in situ hybridization (FISH) of Pnoc (green) and 

GFP (red) colocalization in the pnVTA of DAT-Cre mice following recombinant AAV helper 

viral and rabies viral injections into the VTA. Scale bars are 25 μm.
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Figure 2: Pnoc+ VTA Inputs are Engaged During Low-Yield Reward Seeking
(A) Sagittal brain cartoon (top panel) of viral injection of GCaMP6s into the pnVTA of 

Pnoc-Cre+ mice and representative coronal image (bottom panel) showing 

immunohistochemistry for GCaMP6s and tyrosine hydroxylase (TH) staining. Images show 

GCaMP6s (green), and TH (red). Scale bars are 100 μm.

(B) Cartoon schematic depicting training regimen for Pavlovian conditioning and operant 

task within operant box.

(C) Cartoon schematic of fiber photometry setup for recording from mouse within operant 

box.

(D)Neural activity during 2 second time bins centered around active or inactive nosepoke 

events (n = 18 mice, 65 sessions: One sample t-test, ***p<0.001).

(E) Representative recorded activity during PR operant task (red ticks = active nosepoke, 

black ticks = inactive nosepoke, red highlight = 20s reward period).

(F) Mean nosepoke rate (active nosepokes per minute) over entire hour-long FR3 sessions 

and PR sessions (n = 18 mice, 65 sessions: Two sample t-test, *p=0.031).
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(G) Mean peri-nosepoke activity relative to proportion of nosepokes until breakpoint for 

each PR session (n = 18 mice, 32 sessions: Pearson’s correlation on uncategorized data 

points, ***p<0.001, r = 0.286).

(H) Individual 2s time bins of mean neural activity centered around active nosepoke events; 

shown for every active nosepoke during PR sessions (n = 18 mice, 32 sessions). Horizontal 

black lines indicate attainment of reward for given PR level.

(I) Mean neural activity aligned to nosepoke times for all active nosepokes and the last 

active nosepoke (breakpoint) for PR sessions (n = 18 mice, 32 sessions: Two sample t-test, 

***p<0.001).

(J) Mean peri-nosepoke activity relative to nosepoke rate (active nosepokes per minute) (n = 

18 mice, 32 sessions: Pearson’s correlation on uncategorized data points, ***p<0.001, r = 

−0.285).
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Figure 3: Anatomically Distinct Subdivisions of pnVTAPnoc Neurons are Engaged During 
Reward Anticipation and Consumption
(A) Cartoon schematic of fiber photometry setup.

(B) Summary of mean neural activity across various time intervals (intervals specified in 

Figure S3B) associated with reward anticipation and consumption during Pavlovian 

conditioning (n = 10 mice, 30 sessions) and operant task performance (n = 18 mice, 65 

sessions; data presented as mean ± SEM; one sample t-tests: ***p<0.001).

(C) Number of licks per reward period during Pavlovian conditioning (n = 10 mice, 30 

sessions) and operant task performance (n = 18 mice, 65 sessions; data presented as mean ± 

SEM).

(D) Heatmap of neural activity averaged across every reward period during FR3 (top panel) 

and PR (bottom panel) tasks. Each row corresponds to an individual mouse with anterior 

VTA fiber placement (n = 9 mice, 17 FR3 sessions, 17 PR sessions).
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(E) Trace of neural activity averaged across every reward period during FR3 (top panel) and 

PR (bottom panel) tasks. Generated from all mice with anterior VTA fiber placement (n = 9 

mice, 17 FR3 sessions, 17 PR sessions).

(F) Coronal section showing anatomical location of 400μm optic fiber implant placement for 

mice with anterior VTA fiber placements.

(G) Heatmap of neural activity averaged across every reward period during FR3 (top panel) 

and PR (bottom panel) tasks. Each row corresponds to an individual mouse with posterior 

VTA fiber placement (n = 9 mice, 16 FR3 sessions, 15 PR sessions).

(H) Trace of neural activity averaged across every reward period during FR3 (top panel) and 

PR (bottom panel) tasks. Generated from all mice with posterior VTA fiber placement (n = 9 

mice, 16 FR3 sessions, 15 PR sessions).

(I) Coronal section showing anatomical location of 400μm optic fiber implant placement for 

mice with posterior VTA fiber placements.

(J) Pavlovian conditioning schedule and cartoon depicting time course of house light (CS) 

and sipper access (US) during Pavlovian conditioning.

(K) Trace of neural activity averaged across every reward period during Pavlovian 

conditioning. Generated from Pnoc-Cre mice with anterior VTA fiber placement (middle 

panel) (n = 5 mice, 15 sessions) and posterior fiber placement (bottom panel) (n = 5 mice, 15 

sessions). Trace of neural activity also shown for DAT-cre mice (top panel) (n = 7 mice, 14 

sessions) for comparison of DA cell and Pnoc cell activity over identical Pavlovian 

conditioning paradigm.

(L) Proportion of time spent near sipper (ROI) during reward omission periods. Data point 

left of dashed line represents the last rewarded trial on day 6 of Pavlovian conditioning (n = 

10 mice, 10 sessions).

(M) Trace of neural activity averaged across every reward omission period during day 6 of 

Pavlovian conditioning. Mice with anterior VTA fiber placement (top panel) (n = 5 mice, 5 

sessions) and posterior fiber placement (bottom panel) (n = 5 mice, 5 sessions).
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Figure 4: pnVTAPnoc Neurons Synapse onto DA Neurons and Molecularly Heterogeneous
(A) Differential interference contrast (DIC; top) and fluorescent (eYFP; bottom) images of 

patch recordings for Pnoc-CreChR2cells.

(B) Representative traces of slice electrophysiological recordings of pnVTA Pnoc-

CreChR2cells following 1 and 10ms, 10Hz photostimulation.

(C) Representative traces showing photocurrent in ChR2-eYFP expressing neurons.

(D) Peak and steady-state photocurrent amplitudes in ChR2-eYFP expressing neurons (n=4).

(E) Representative images showing patch-clamp recordings from non-eYFP expressing VTA 

neurons.

F) Representative traces showing optically evoked inhibitory postsynaptic currents (oeIPSC) 

in IH+ (putative DA cells; n=11) and IH− (putative non-DA cells; n=12) neurons.

G) oeIPSC latency was faster in IH+ versus IH− neurons (p<0.05).

H) oeIPSC amplitude was larger in IH+ versus IH− neurons (p<0.05).
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I) Representative traces showing oeIPSCs from VTA neurons before and after drug 

application.

J) oeIPSCs were unaffected by blockade of glutamate receptors.

K) oeIPSCs were abolished by blockade of GABA receptors.

(L) Cartoon depicting viral injection and TRAP of pnVTAPnoc neurons.

(M) Single-cell RNA-sequencing of TRAPed pnVTAPnoc neurons showing significantly 

expressed genes from membrane, secreted, and cytoplasm of Pnoc-labeled neurons (n=5, 5 

slices per n).

(N) Heatmap from single-cell RNA-sequencing comparing Input and TRAP

(O) Pie charts depicting Pnoc / VGAT (blue) and Pnoc / VGlut2 percent co-expression as a 

function of anterior to posterior (AP) progression (n=4, 4 slices per n).

(P) Coronal images images of Pnoc (green) and VGAT (red) mRNA expression within the 

pnVTA as a progression from anterior to posterior (AP). Open arrows: no colabeling and 

filled-in arrows: colabeling.

(Q) Coronal images of Pnoc (green) and VGlut2 (purple) mRNA expression within the 

pnVTA from anterior to posterior (AP). Open arrows represent no co-labeling, and filled 

arrows represent colabeling.
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Figure 5: Selective Ablation and Inhibition of pnVTAPnoc Neurons Enhances Operant 
Responding for Natural Rewards
(A) Cartoon depicting injection of AAV2-FLEX-taCasp3-TEVp into the pnVTA of Pnoc-

Cre+ and Pnoc-Cre− mice.

(B) Schematic and timeline for the operant training schedule, FR, and PR test days.

(C) Quantification of fluorescence intensity from immunohistochemistry analysis for 

N/OFQ fluorescence in Pnoc-Cre+ and Pnoc-Cre− mice following cell ablation).

(D) Representative coronal images of the VTA and IPN showing immunohistochemistry for 

nociceptin (N/OFQ) and tyrosine hydroxylase (TH) staining in Pnoc-Cre− (left panel) and 

Pnoc-Cre+ (right panel) mice. Images show N/OFQ (green), DAPI (blue) and TH (red). 

Scale bars are 50 and 100μm, respectively.

(E) Nosepokes performed during PR test. Pnoc-CretaCasp3 mice have significantly increased 

nosepokes and rewards, compared to controls (n = 11 to 13: two-way repeated-measures 

ANOVA, Bonferroni post hoc; Nosepokes for control versus Casp3 during PR test **p < 

0.01,.

(F) Cumulative rewards received in Control and Pnoc-CretaCasp3 mice. Pnoc-CretaCasp3 mice 

show significantly increased number of rewards received, compared to controls (n = 11 to 

Parker et al. Page 36

Cell. Author manuscript; available in PMC 2020 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13: two-way repeated-measures ANOVA, Bonferroni post hoc; Nosepokes for Control 

versus Casp3 during PR test *p < 0.05, **p<0.01.

(G) Calendar for injection of AAV5-hSyn-DIO-hM4D(Gi)-mCherry into the pnVTA of 

Pnoc-Cre+ and Pnoc-Cre− mice. Schematic and timeline for the operant training schedule 

and FR and PR test days.

(H) Coronal images of the pnVTA and IPN showing immunofluorescence staining tyrosine 

hydroxylase (TH) and hM4D(Gi)-mCherry following viral injection in Pnoc-Cre+ mice. 

Images show TH (green) and hM4D(Gi)-mCherry (red).

(I) Number of nosepokes performed during PR test. Pnoc-CrehM4D(Gi) mice show 

significantly increased active nosepokes compared to Controls (n = 8: two-way repeated-

measures ANOVA, Bonferroni post hoc; Nosepokes for Vehicle versus 5mg/kg, ***p < 

0.001, 1mg/kg versus 5mg/kg **p < 0.01.

(J) Cumulative rewards received in Control and Pnoc-CrehM4D(Gi) mice. Pnoc-CrehM4D(Gi) 

mice receive significantly more rewards over session, compared to controls (n = 8: two-way 

repeated-measures ANOVA, Bonferroni post hoc; Nosepokes for control versus hM4D(Gi) 

during PR test, **p < 0.01, ***p < 0.001.

(K) Calendar for injection of AAV5- EF1α-DIO-eNpHR3.0-eYFP into the pnVTA of Pnoc-

Cre+ and Pnoc-Cre− mice. Schematic and timeline for the operant training schedule, FR and 

PR test days.

(L) Coronal images of pnVTA immunofluorescence staining of tyrosine hydroxylase (TH) 

and eNpHR3.0-eYFP following viral injection in Pnoc-Cre+ mice. Images show TH (red) 

and eNpHR3.0-eYFP (green).

(M) Number of nosepokes performed during PR test. Pnoc-CreeNpHR3.0 mice show 

significantly increased active nosepokes compared to Controls following nosepoke-paired 

inhibition (n = 6: two-way repeated-measures ANOVA, Bonferroni post hoc; **p<0.01)

(N) Cumulative rewards received in Control and Pnoc-CreeNpHR3.0 mice. Pnoc-CreeNpHR3.0 

mice receive significantly more rewards over session compared to control mice following 

nosepoke-paired inhibition (n = 6: two-way repeated-measures ANOVA, Bonferroni post 

hoc; Nosepoke-paired inhibition Rewards for Control versus Pnoc-CreeNpHR3 during PR 

test, *p<0.05.
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Figure 6: Optogenetic and Chemogenetic Stimulation of pnVTAPnoc Neurons Decreases Effort to 
Receive a Natural Reward and Promotes Aversion
(A) Sagittal brain cartoon (top) of viral injection of ChR2 into the pnVTA of Pnoc-Cre+ 

mice and representative sagittal image (bottom) showing immunohistochemistry for ChR2 

(green) and tyrosine hydroxylase (TH) (red).

(B) Calendar outlining timeline and stimulation parameters for operant training schedule 

during FR1, FR3, and PR tasks.

(C) Number of nosepokes during PR test. Pnoc-CreChR2 mice decrease responding during 

continuous 5 Hz (10ms) blue light stimulation compared to controls (n=12: two-way 

repeated-measures ANOVA, Bonferroni post hoc; Nosepokes for 0Hz versus 5Hz during PR 

test, ***p<0.001).

(D) Number of rewards received over time during PR test. Pnoc-CreChR2 mice show a 

significant reduction in the number of rewards received during the PR test received 

following 5Hz stimulation compared to controls (n=12: Student’s t-test, *p<0.05)

(E) Percentage of baseline nosepokes and rewards during PR test. Pnoc-CreChR2 mice show 

a significant decrease in active nosepokes and number of rewards received during 5 Hz 

stimulation compared to baseline and controls (n=12: One way ANOVA, Bonferroni post 

hoc; Nosepokes for baseline versus 5Hz during PR test *p<0.05, Rewards for baseline 

versus 5Hz during PR test *p<0.05).

(F) Number of nosepokes and (G) rewards during PR test in Pnoc-CreChR2 mice that 

received photostimulation (10Hz, 10ms) and the NOPR antagonist (J-113397, 3 mg/kg). 

Pnoc-CreChR2 mice show a significant decrease in active nosepokes and rewards compared 
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to controls during photostimulation that was rescued by treatment with J-113397 (n=12: 

two-way repeated-measures ANOVA, Bonferroni post hoc; Pnoc-CreChR2 0Hz versus 10 Hz, 

*p<0.05, 0Hz versus 10 Hz + J-113397, ns)

(H) Calendar outlining timeline for viral injection of ChR2 and VTA fiber optic 

implantation, followed by real time place testing.

(I) Time-lock (ON-OFF-ON) patterns of photostimulation-induced avoidance. Percentage of 

total time spent receiving 10Hz stimulation in control and Pnoc-CreChR2 mice (n=9 to 12: 

two-way repeated-measures ANOVA, Bonferroni post hoc; percentage of time spent in 

stimulation side for control versus Pnoc-CreChR2 at 10Hz *p < 0.05).

(J) Sagittal brain cartoon (top panel) of viral injection of hM3D(Gq)-mCherry into the 

pnVTA of Pnoc-Cre+ mice and representative coronal image (bottom panel) showing 

immunohistochemistry for hM3D(Gq)-mCherry (red) and tyrosine hydroxylase (TH) 

(green).

(K) Number of nosepokes during PR test. Pnoc-CrehM3D(Gq) mice show a significant 

decrease in active nosepokes CNO (5mg/kg) administration compared to controls (data 

presented as mean ± SEM, n=5 to 12: two-way repeated-measures ANOVA, Bonferroni post 

hoc; Nosepokes for baseline versus CNO (5mg/kg) during PR test **p<0.01) Control mice 

show no effect in nosepokes or number of rewards received following CNO (5mg/kg) 

administration.

(L) Number of rewards received over time during PR test. Pnoc-CrehM3D(Gq) mice show a 

significant reduction in the number of rewards received during PR test received following 

CNO (5mg/kg) administration compared to controls (n=5 to 12: Student’s t-test, 

***p<0.001)

(M) Number of nosepokes (as a % of vehicle treatment) during PR test in Pnoc-CrehM3D(Gq) 

mice that received CNO (1 and 5 mg/kg) and J-113397 (3 mg/kg). CNO treated mice show a 

significant decrease in nosepokes compared to controls that was partially rescued by 

treatment with J-113397 (n=5 to 12: two-way repeated-measures ANOVA, Bonferroni post 

hoc; Nosepokes for baseline versus CNO (5mg/kg) during PR test **p < 0.01, Rewards for 

baseline versus CNO (5mg/kg) during PR test **p < 0.01).

N) Timeline for pnVTA viral injection and detailed calendar outlining CPP experimental 

paradigm.

(O) Amount of time spent on CNO-treated side during conditioned place post-test between 

Pnoc-Cre− and Pnoc-Cre+ mice. Post test reveals Pnoc-CrehM3D(Gq) mice spend 

significantly less time in the side previously paired with CNO (5mg/kg). (n=5, 12 sessions: 

Student’s t-test, Tukeys post-hoc, ****p<0.01).

(P) Representative heat map of relative time spent in CPP chambers for a Pnoc-Cre− and 

Pnoc-Cre+ mouse during CPP post-test following 5 mg/kg CNO treatment.
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Figure 7: VTA Dopamine Neuron NOPR Expression is Necessary and Sufficient for Regulating 
Motivation for Sucrose
(A) Calendar outlining timeline for operant training schedule in NOPR KO and cKO 

experiments or pavlovian training schedule for in vivo photometry recording of DAT-Cre 

experiments.

(B) Number of rewards and licks per reward during PR test following vehicle and 

SCH221510 (10mg/kg) administration. Wildtype (WT) mice show a significant decrease in 

the number of rewards received following SCH221510 (10mg/kg) administration compared 

to NOPR−/− mice (n=6 to 8: two-way repeated-measures ANOVA, Bonferroni post hoc; 

Rewards for Baseline versus SCH221510 (10mg/kg) PR test **p < 0.01).

(C) Data depicting lick rate between vehicle and SCH221510 (10 mg/kg) treated WT and 

NOPR KO mice during PR testing. (n=6 to 8: two-way repeated-measures ANOVA, ns).

D) Cartoon representation of viral injection of GCaMP6s in the VTA of DAT-cre animals.

(E) Comparison of mean DA cell dynamics across reward-predictive cue and sipper 

presentation in Pavlovian conditioning paradigm with systemic activation or blockade of 

NOPR (n=7 animals, 7 sessions per drug treatment).
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(F) Activity of DA cells during Pavlovian conditioning paradigm organized into 2-s time 

bins based on behavioral state of animal (n=7, 7 sessions per drug treatment; data 

represented as mean ± SEM; two sample t-tests: ***p<0.001).

(G) Comparison of mean DA cell dynamics across first lick event within reward period of 

Pavlovian conditioning paradigm with systemic activation or blockade of NOPR (n = 7 , 7 

sessions per drug treatment).

(H) Cartoon depicting viral conditional knock out of NOPR in the VTA of NOPRloxP/YFP 

mice after bilateral injection of AAV5-PGK-Cre or AAV9-rTH-PI-Cre-SV40 into the VTA.

(I) Number of nosepokes and rewards during FR1 and FR3 test sessions between control, 

NOPR KO, NOPR cKO, and NOPRTH-Cre mice. NOPR KO, NOPR cKO, and NOPRTH-Cre 

mice show a significant increase in the number of rewards received and total nosepokes in 

comparison to WT mice (n=6 to 8: two-way repeated-measures ANOVA, Bonferroni post 

hoc; Nosepokes and Rewards for WT versus NOPR KO, NOPR cKO, and NOPRTH-Cre FR1 

and FR3 tests ***p<0.001).

(J) Number of nosepokes and rewards during PR test sessions between control, NOPR KO, 

NOPR cKO, and NOPRTH-Cre mice. NOPR KO, NOPR cKO, and NOPRTH-Cre mice show a 

significant increase in the number of rewards received and total nosepokes in comparison to 

WT mice (n=6 to 8: two-way repeated-measures ANOVA, Bonferroni post hoc; Nosepokes 

and Rewards for WT versus NOPR KO and NOPR cKO PR tests, ***p<0.001).

(K) Representative 40X coronal images for in situ hybridization showing colabeling of 

NOPR (red) and TH (green) mRNA in NOPRlox/lox− (left panel) and NOPRlox/lox+ (right 

panel) mice that received injections of AAV5-PGK-Cre.

(L) Pie chart graph depicting %Co-expression of TH and NOPR mRNA in the VTA of 

NOPRlox/lox− (top panel) and NOPRlox/lox+ (bottom panel) mice that received injections of 

AAV5-PGK-Cre (n=4, 4 slices per n).

(M) Representative 20X coronal images for immunofluorescence showing colabeling of Cre 

(red) and TH (green) in NOPRlox/lox+ mice that received injections of AAV9-rTH-PI-Cre-

SV40.

(L) Pie chart graph depicting %Co-expression of TH and Cre (top panel) and %Co-

expression of TH and NOPR (bottom panel) in the VTA of NOPRlox/lox+ mice that received 

injections of AAV9-rTH-PI-Cre-SV40 (n=4, 4 slices per n).

(O) Cartoon for viral rescue of NOPR in VTA dopamine cells of NOPR−/− X TH-Cre mice.

(P) Representative image (10x) showing NOPR-eYFP infected VTA TH+-cells. Images 

show TH (red) and NOPR-eYFP (yellow). Inset image depicts 40x image. Arrows indicate 

TH and NOPR-eYFP co-labeling.

(Q) Number of rewards during PR test sessions following vehicle and SCH221510 

(10mg/kg) administration. TH-Cre x NOPR−/− “rescue” mice show a significant decrease in 

the number of rewards received following SCH221510 (10mg/kg) administration compared 

to NOPR−/− mice (n=8 to 10: two-way repeated-measures ANOVA, Bonferroni post hoc; 

Training: Rewards for NOPR-rescue baseline PR test versus SCH221510 (10mg/kg) PR test 

***p<0.001. No Training: Rewards for NOPR-rescue mice with Vehicle PR test versus 

SCH221510 (10mg/kg) PR test versus CNO (5mg/kg) during PR test ***p<0.001).
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