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Summary

Like ventral tegmental area (VTA) dopamine (DA) neurons, VTA glutamate neuron activity can 

support positive reinforcement. However, a subset of VTA neurons co-release DA and glutamate, 

and DA release may be responsible for behavioral reinforcement induced by VTA glutamate 

neuron activity. To test this, we used optogenetics to stimulate VTA glutamate neurons in which 

tyrosine hydroxylase (TH), and thus DA biosynthesis, was conditionally ablated using either 

floxed Th mice or viral-based CRISPR/Cas9. Both approaches led to loss of TH expression in 

VTA glutamate neurons, and loss of DA release from their distal terminals in nucleus accumbens 

(NAc). Despite loss of the DA signal, optogenetic activation of VTA glutamate cell bodies or axon 

terminals in NAc was sufficient to support reinforcement. These results suggest that glutamate 

release from VTA is sufficient to promote reinforcement independent of concomitant DA co-

release, establishing a non-DA mechanism by which VTA activity can support reward-seeking 

behaviors.
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eTOC blurb

Activation of VTA glutamate neurons leads to dopamine co-release in nucleus accumbens. Zell et 

al. genetically block this dopamine signal to show that VTA glutamate projections to nucleus 

accumbens can reinforce behaviors independently. These findings establish a parallel dopamine-

independent mesolimbic pathway capable of supporting positive reinforcement.

Introduction

The ventral tegmental area (VTA) has a pivotal role in the control of motivated behaviors. 

Dopamine (DA) transmission from VTA to nucleus accumbens (NAc) and other limbic 

structures contributes to the processes underlying motivated behavior and behavioral 

reinforcement, and is a key structure for the initiation of drug addiction (Ikemoto and Bonci, 

2014). DA release from VTA neurons is sufficient to support positive reinforcement, reward 

learning, and to invigorate reward seeking; thus DA release is often conceptualized as a 

primary reward signal (Berridge et al., 2009; Fields et al., 2007; Keiflin and Janak, 2015). 

However, increasing evidence has established important functional and physiological roles 

for non-DA neurons in VTA, including those that release glutamate or GABA (Bariselli et 

al., 2016; Pupe and Wallén-Mackenzie, 2015). Further complexity is added by the fact that 

some VTA neurons co-release multiple neurotransmitters (Hnasko and Edwards, 2012; 

Trudeau et al., 2014).

Approximately 36% of NAc-projecting VTA neurons express the type-2 vesicular glutamate 

transporter (VGLUT2) (Yamaguchi et al., 2011), and electrophysiological data demonstrate 

that essentially all medium spiny neurons in medial NAc shell receive glutamatergic input 

from VTA (Hnasko et al., 2012; Mingote et al., 2015, 2019; Stuber et al., 2010; Yoo et al., 

2016) as do striatal cholinergic interneurons (Cai and Ford, 2018; Chuhma et al., 2014, 

2018). Optogenetic activation of VTA glutamate cell bodies or terminals in NAc can support 
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self-stimulation (Wang et al., 2015; Yoo et al., 2016), but their activation has also been 

shown to drive apparent avoidance in some behavioral assays (Qi et al., 2016; Yoo et al., 

2016). This avoidance behavior may be a paradoxical consequence resulting from a 

preference for short duration trains of VTA glutamate neuron stimulation (Yoo et al., 2016). 

Alternatively, glutamate release from VTA terminals in NAc may drive avoidance through 

preferential activation of NAc interneurons, even though DA co-release from a subset of 

these neurons contributes to reward (Qi et al., 2016). Thus, it remains unclear whether the 

reward signals supporting self-stimulation of VTA glutamate neurons are mediated by 

glutamate per se, or by the concomitant co-release of DA.

Here, we tested whether VTA glutamate projections to NAc drive reward independently of 

DA co-release. We generated conditional knockout (cKO) mice in which Tyrosine 
hydroxylase (Th) was specifically knocked out from VGLUT2-expressing neurons to disrupt 

DA synthesis. Optogenetic stimulation of VTA glutamate neurons or their axon terminals led 

to robust DA release in NAc of controls, but not cKO mice. Further, while cKOs displayed 

only a minor reduction in basal locomotor activity, loss of DA co-release did not abolish or 

otherwise impact self-stimulation or other measures of behavioral reinforcement. To 

overcome potential compensatory adaptations associated with the loss of Th from VTA 

glutamate neurons during development we also implemented a virus-based CRISPR/Cas9 

approach to disrupt Th expression and DA release from VTA glutamate neuron in adult 

mice, to similar effect. Together, our results indicate that VTA glutamate neuron activity can 

support robust behavioral reinforcement independent of their ability to recruit DA release.

Results

Conditional ablation of DA synthesis in VTA glutamate neurons

To test the contribution of DA co-transmission to VTA glutamate neuron function, we 

generated mice with conditional deletion of Th (Darvas and Palmiter, 2010) selectively in 

VGLUT2-Cre-expressing neurons (Figure 1A). Brain sections from conditional knockout 

(cKO: Slc17a6+/Cre; Thlox/lox) and heterozygous control littermates (control: Slc17a6+/cre; 
Th+/lox) were used to confirm the loss of TH in VTA glutamate neurons. Using a 

combination of in situ hybridization and immunohistochemistry, we found that ~14% of 

neurons expressing VGLUT2 mRNA were also TH+ in control mice, whereas TH+ 

VGLUT2 neurons were essentially absent in the VTA of cKO mice (Figure 1B). While 

numerous studies demonstrate that 10–20% of VTA DA neurons express VGLUT2 in the 

adult, a much higher proportion transiently express VGLUT2 during development (Bérubé-

Carrière et al., 2009; Kouwenhoven et al., 2019; Mendez et al., 2008; Steinkellner et al., 

2018). As a consequence, we observed ~80% decrease in the number of TH-immunoreactive 

cell bodies in both VTA and SNc of cKOs (Figure S1A-B). We also observed a 

corresponding decrease in TH-immunoreactive DA axon terminal in the nucleus accumbens 

(NAc), and caudate/putamen (CPu) (Figure S1C-D). In contrast, dopamine transporter 

(DAT) immunoreactivity was unaltered, indicating that DA neuronal architecture was intact 

in cKO mice. Despite the reduced TH expression, we observed only modest reduction in 

baseline locomotor activity in cKO mice; and locomotor responses to L-DOPA, 
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amphetamine or the D1R agonist SKF81297 were similar between cKO and control mice, 

suggesting intact psychomotor function (Figure S2).

Disruption of DA transmission from VTA glutamate neurons

To control VTA glutamate neuron activity we infused an Adeno-associated virus (AAV) 

engineered for Cre-dependent expression of Channelrhodopsin-2:mCherry (ChR2:mCherry) 

into the medial VTA of control and cKO mice (Figure 1C). Approximately 15% of mCherry

+ VTA glutamate cell bodies co-labelled with TH in control mice, but co-expressing cells 

were virtually absent in cKOs, further confirming the conditional loss of TH from 

VGLUT2+ VTA neurons (Figure 1D).

To test whether the loss of TH from VTA glutamate neurons was sufficient to abolish evoked 

DA release we used fast-scan cyclic voltammetry (FSCV) in brain slices through the medial 

NAc shell (Figure 1E). Optogenetic stimulation of VTA glutamate terminals in the NAc 

produced a robust frequency-dependent increase in evoked DA in controls, but not the cKO 

(Figure 1F). However, bath application of DA (10 μM, 10 minutes) rescued ChR2-evoked 

DA transients in cKOs (Figure 1G), demonstrating that VTA glutamate terminals retain the 

capacity to release dopamine when substrate is available.

Importantly, we also demonstrate that DA release is absent following optogenetic 

stimulation of VTA glutamate neurons in vivo. In this experiment ChR2 was expressed in 

VTA glutamate neurons, optic fibers were implanted in VTA, and carbon fibers implanted in 

medial NAc (Figure 1H, S4). Optogenetic stimulation (1s) elicited frequency-dependent DA 

release in control but not cKO mice (Figure 1I). Together, these results demonstrate the 

functional loss of NAc DA release in cKO mice upon optogenetic stimulation of VTA 

glutamate neurons.

VTA glutamate transmission is similar at both D1 and D2 MSNs and is intact in cKO

To test whether glutamate release was altered in cKO mice we measured excitatory 

postsynaptic currents (oEPSCs) evoked by optogenetic stimulation of VTA glutamate 

terminals in NAc (Figure S3A). We found DNQX-sensitive oEPSCs of similar amplitude in 

cKO and control mice (Figure S3B), suggesting that, unlike DA release, glutamate 

transmission was intact. We also measured paired pulse ratios (PPR) and found substantial 

paired-pulse depression in both genotypes, though depression was reduced in the cKO 

(Figure S3C), which could be due to reduced DA auto-receptor activation at these excitatory 

pre-synaptic terminals (Adrover et al., 2014; Chuhma et al., 2009). The onset delay and 

deactivation time constant (τ) of oEPSCs did not differ across genotypes (Figure S3D).

D1- and D2-type medium spiny neurons (MSN) comprise >95% of NAc neurons but have 

distinct functional roles (Cole et al., 2018; Kravitz et al., 2012; Lobo and Nestler, 2011; 

Thibeault et al., 2019). To test whether VTA glutamate neurons may preferentially impact 

these sub-populations we used D1R-Cre x VGLUT2-Cre or A2a-Cre x VGLUT2-Cre double 

transgenic mice to achieve conditional expression of: (i) ChR2:EYFP in VTA VGLUT2 

neurons and (ii) mCherry in D1 or D2 (A2a) subtype-defined NAc MSNs (Figure S3E). To 

our knowledge there is no VGLUT2 expression in the NAc, nor D1R or A2a expression in 

the VTA, cf. Allen Brain Atlas: Slc17a6 (73818754), Drd1 (352), Adora2a (72109410) (Lein 
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et al., 2007). We observed oEPSCs at both MSN type and no significant difference was 

detected between D1R+ vs. putative D1R- nor A2a+ vs. putative A2a- neurons (Figure S3F). 

PPR, delay, and τ were also unchanged across MSN subtypes (Figure S3G–H). Together 

these results show that VTA glutamate neurons do not make any preferential contact onto 

D1-type compared to D2-type projecting MSNs.

Self-stimulation of VTA glutamate neurons in the absence of dopamine co-release

Previous work from our lab demonstrated that optogenetic activation of VTA glutamate cell 

bodies or their terminals in NAc can support intracranial self-stimulation (ICSS) (Wang et 

al., 2015; Yoo et al., 2016). Curiously, mice that self-stimulated these neurons in an operant 

task showed a counter-intuitive frequency-dependent avoidance for their stimulation in a 

real-time place preference (RTPP) assay. However, this apparent avoidance was 

accompanied by an increased rate of entries into the active side and a preference for short 

duration trains of VTA glutamate neuron stimulation (Yoo et al., 2016). While these data 

imply distinct functional roles for VTA DA and glutamate neurons in positive reinforcement, 

optogenetic activation of VTA glutamate neurons also increases DA signaling in NAc 

(Figure 1) through transmitter co-release and/or local excitatory synapses onto VTA DA 

neurons (Dobi et al., 2010; Qi et al., 2016; Yoo et al., 2016). Therefore, to test the 

contribution of DA to behavioral reinforcement driven by VTA glutamate neurons, we 

performed ICSS and RTPP using cKO mice that lack the ability to synthesize or co-release 

DA.

ChR2:mCherry or mCherry was expressed in VTA glutamate neurons in control and cKO 

mice, and optic fibers were bilaterally implanted dorsal to medial NAc shell to target axon 

terminals. Mice were first tested on a 2-hole ICSS assay where nosepokes on hole ‘A’ 

(active) triggered a laser to deliver a 1s 40-Hz stimulus, while nosepokes on hole ‘B’ 

(inactive) were without effect (Figure 2A). This frequency and pattern of stimulation was 

selected because prior works show that mice can discriminate and show preference for it and 

because VTA glutamate neurons can fire at similar frequency in response to salient stimuli 

(Root et al., 2018a; Wang et al., 2015; Yoo et al., 2016). Across the first 4 test sessions mice 

displayed strong preference for the active hole with no significant differences detected 

between genotypes (Figures 2B). Over the subsequent 4 sessions holes ‘A’ and ‘B’ were 

swapped, and both genotypes switched their preference to engage with the active hole; 

mCherry-expressing control mice did not show a preference or a switch and performed few 

nosepokes (Figure 2B–C). We also tested a separate cohort of animals with optic fibers 

implanted dorsal to VTA glutamate cell bodies rather than NAc terminals (Figures 2D); 

these animals also displayed a robust preference for the active nosepoke with no difference 

between genotype (Figures 2E–F).

We next tested mice in the RTPP procedure where they were provided free access to two 

compartments: entrance into active side ‘A’ triggered 40-Hz optogenetic stimulation that 

discontinued upon entry into side ‘B’ (Figure 3A). When targeting VTA glutamate fibers in 

NAc, both genotypes spent less time in the active chamber, and switched their side 

preference to the inactive chamber when side ‘B’ was switched to active; mCherry-

expressing mice showed no significant preference or avoidance (Figure 3B). Both genotypes 
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also showed an increased approach rate into the active side compared to mCherry-expressing 

mice (Figure 3C) and there was no significant difference between controls and cKO mice 

that lack the evoked DA signal. Mice with implants dorsal to VTA were used to target the 

cell bodies (Figure 3D) and displayed similar patterns of active side avoidance (Figure 3E), 

with increased approach rates over time (Figure 3F), and no effect of genotype on these 

behaviors. Together, these results demonstrate that VTA glutamate neuron activation can 

drive self-stimulation and approach behavior in the absence of concomitant DA co-release, 

suggesting VTA glutamate neurons represent a DA-independent mesolimbic reward circuit.

CRISPR/Cas9 disruption of DA transmission from VTA glutamate neurons

While the above data suggests that VTA glutamate neurons can convey a reinforcement 

signal that does not depend on increased DA release, the disruption of DA synthesis and 

release included neurons that do not express VGLUT2 in the adult due to transient 

developmental expression of VGLUT2 in a wider population of midbrain DA neurons 

(Figure S1). Further, loss of TH from early development may cause compensatory 

adaptations in cKO mice. To bypass these issues, we turned to a recently developed viral-

based CRISPR/Cas9 approach to disrupt DA synthesis and release selectively from adult 

VTA neurons that express VGLUT2. This approach relied on a single AAV vector for Cre-

dependent expression of Staphylococcus aureus Cas9 (SaCas9) and U6 promoter-driven 

expression of a single-guide RNA to induce indel mutations in the Th gene (sgTh) (Hunker 

et al., 2020). This AAV vector (or sgCTRL) was infused together with AAV-DIO-

ChR2:mCherry into VTA of VGLUT2:Cre mice (Figure 4A). Immunohistochemical 

analysis showed 19% of Cas9-expressing (VGLUT2) VTA neurons expressed TH in the 

sgCTRL group, but only 2% expressed TH in the sgTh group (Figure 4B). Using ex vivo 
FSCV we found substantially reduced ChR2-evoked DA release in the sgTh- compared to 

sgCTRL-injected brains, demonstrating successful disruption of DA release from VTA 

glutamate neurons (Figure 4C–D). Exogenous DA application rescued evoked DA transients 

from the sgTh brains, confirming that VTA glutamate terminals retained the ability to 

recycle and release DA when substrate was available (Figure 4E).

The sgCTRL and sgTh animals were also tested for self-stimulation of VTA glutamate 

neurons using the 2-hole ICSS task. In accordance with our results obtained in cKO mice, 

sgCTRL and sgTh mice displayed an equivalent preference for the nosepoke hole coupled to 

optogenetic stimulation of VTA glutamate terminals in NAc and switched preference when 

we switched the active nosepoke (Figure 4F). We observed similar results when the active 

nosepoke hole was couple to optogenetic stimulation of glutamate cell bodies in VTA 

(Figure 4G). These data provide additional independent evidence that VTA glutamate neuron 

activity can support positive reinforcement absent concomitant increases in dopamine 

signaling.

Discussion

Prior work has demonstrated that, like VTA DA neurons, optogenetic activation of VTA 

glutamate neurons can support approach behaviors (Wang et al., 2015; Yoo et al., 2016). 

However, the extent to which VTA glutamate neurons rely on DA signaling to drive reward 
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behaviors remained unclear. Indeed, a subset of VTA glutamate neurons co-express DA 

markers and co-release DA directly (Kawano et al., 2006; Lavin, 2005; Mingote et al., 2019; 

Stuber et al., 2010). In addition, VTA glutamate neurons make local synapses onto VTA DA 

neurons, representing another mechanism by which they may elicit increased DA signaling 

(Dobi et al., 2010; Qi et al., 2016; Yoo et al., 2016). In this report we used conditional 

ablations of TH in glutamate neurons to test the contribution of DA transmission for 

reinforcement behaviors evoked by VTA glutamate neuron activity. We found that while 

VTA glutamate neuron stimulation evokes DA release, this DA signal was not necessary for 

the activation of VTA glutamate neurons to support self-stimulation and approach behaviors. 

We thus propose that glutamate and DA projections from VTA to NAc represent partially 

overlapping but functionally distinct parallel pathways that can independently and 

distinctively support positive reinforcement.

We consistently found that 10–20% of VTA neurons that express VGLUT2 in adult mouse 

VTA also co-express the DA marker TH. This is in line with other recent reports and 

demonstrate that there is a larger population of non-DA glutamate neurons concentrated in 

medial VTA of mice (Hnasko et al., 2012; Yamaguchi et al., 2015). We provide new 

evidence that both in vivo and ex vivo optogenetic stimulation of glutamate cell bodies in 

VTA or their terminals can directly drive DA release in the medial NAc. Dual TH/VGLUT2-

expressing neurons were virtually absent in our cKO and sgTh animals, as was optogenetic-

evoked DA release, demonstrating successful disruption of DA co-release from VTA 

glutamate neurons in our models. Importantly, our data also suggest that any DA release 

which may be evoked through feed-forward mechanisms or through recycling of 

extracellular DA released by other neurons is abrogated in the cKO mice which lacked 

evoked DA release in vivo. Despite the loss of DA signals in our cKO and sgTh animals, 

optogenetic activation of VTA glutamate neurons supported reinforcement and approach 

behaviors in our ICSS and RTPP assays that were indistinguishable from mice with intact 

DA/glutamate co-transmission. Similar results were obtained whether optogenetic 

stimulation was delivered at the level of VTA glutamate cell bodies, or their terminals in 

NAc. Thus, a concomitant increase in DA signaling does not appear necessary for behavioral 

reinforcement driven by VTA glutamate neuron activity.

Consistent with our previous observations, we found that the same animals that readily self-

stimulated VTA glutamate neurons displayed counter-intuitive avoidance behavior in the 

RTPP assay (Yoo et al., 2016). However, the reduction in time spent in the active chamber 

was accompanied by an increased approach rate to that same active chamber, and both of 

these findings were also observed in the cKO. This pattern of behavior increases the number 

of short duration stimuli and probably reflects mice adjusting their behavior over time to 

optimize their preferred pattern of stimulation. Indeed, using an instrumental assay mice 

displayed strong preference for brief stimulation of VTA glutamate neurons, and by 

comparison longer stimulation of VTA DA neurons was preferred (Yoo et al., 2016). We 

therefore hypothesize that both VTA DA and glutamate neuron activity can drive positive 

reinforcement, but that they do so in distinctive ways, and that reward driven by VTA 

glutamate neuron activity does not depend on accompanying increases in DA release.
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An alternative hypothesis is that different subpopulations of VTA glutamate neurons 

differentially drive reward and aversion through different mechanisms, similar to different 

projection-defined VTA DA sub-populations (de Jong et al., 2019). Indeed, initial 

investigations of VTA glutamate neuron activity in vivo shows a diversity of responses to 

salient rewarding and aversive stimuli (Montardy et al., 2019; Root et al., 2018b). Thus, one 

population of VTA glutamate neurons could drive approach through intra-VTA excitation of 

DA neurons, while another population may drive avoidance via projections to NAc or other 

distal structures. In this case, perhaps different patterns of stimulation differentially recruit 

subpopulations of VTA glutamate neurons resulting in complex sequences of approach and 

avoidance. However, our present findings argue against this mechanism, as mice which lack 

DA release evoked by VTA glutamate neuron stimulation continue to self-stimulate VTA 

glutamate cell bodies or terminals in NAc. Further, our finding that mice that self-stimulate 

in an operant assay can show apparent place avoidance in the RTPP assay caution against 

interpreting widely-used measures of avoidance behaviors as conclusively indicative of 

aversion. Instead, we suggest that a reduced approach rate or evidence of a negative affective 

reaction (e.g. conditioned avoidance or innate fear responses) may be necessary to conclude 

a stimulus is aversive. In any case, future studies will be necessary to reconcile the 

heterogeneity in VTA glutamate responses found in vivo with their functional roles in 

reward-related or other behaviors.

We also examined the impact of ablated DA synthesis and release from VTA VGLUT2 

neurons on glutamate neurotransmission in the NAc using electrophysiology. Light-triggered 

DNQX-sensitive oEPSCs were recorded in both control and cKO mice, with no difference in 

their characteristics. However, we observed a significant reduction in paired-pulse 

depression in the cKO. This may indicate a lower release probability in the cKO, reduced 

D2-autoreceptor inhibition, or reduced glutamate quantal content as a consequence of 

reduced vesicular synergy (Adrover et al., 2014; Aguilar et al., 2017; Hnasko and Edwards, 

2012; Hnasko et al., 2010; Silm et al., 2019).

Previous studies showed that VTA glutamate synapses may preferentially impact striatal 

interneurons (Cai and Ford, 2018; Chuhma et al., 2014, 2018; Qi et al., 2016). However, 

VTA glutamate neurons also directly synapse onto and can alter in vivo firing rate of NAc 

projection neurons (Mingote et al., 2015; Stuber et al., 2010; Tecuapetla et al., 2010; Wang 

et al., 2017). Yet it had not been determined whether D1 or D2 neurons, which play different 

functional roles, may be differentially connected to glutamate neurons from VTA. Although 

more studies will be necessary to assess how VTA inputs onto distinct NAc cell types 

influence their activity and effect on behavior in vivo, our data comparing oEPSC properties 

suggest no clear bias in the connectivity of VTA glutamate synapses on to MSN cell type.

Previous attempts at understanding the relative contributions of dual DA/glutamate co-

transmission focused primarily on isolating the DA component. Mingote and colleagues 

achieved a partial reduction in glutamate release from midbrain DA neurons with intact DA 

transmission and observed a decrease in amphetamine sensitization and a potentiation of 

latent inhibition, implying a role for glutamate co-release in motivational salience and 

context discrimination (Mingote et al., 2017). Conditional deletion of VGLUT2 from DAT-

expressing DA neurons abolished evoked oEPSCs in NAc and other terminal structures 
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(Soden et al., 2016; Stuber et al., 2010; Tritsch et al., 2012); and led to reduced 

psychostimulant-induced locomotor activity and reward-seeking behaviors (Alsio et al., 

2011; Birgner et al., 2010; Hnasko et al., 2010; Wallen-Mackenzie et al., 2010), while self-

stimulation of DA neurons was unaffected (Wang et al., 2017). Loss of VGLUT2 also 

sensitized DA neurons to neurotoxins, suggesting a role for VGLUT2 in selective DA 

neuron vulnerability (Shen et al., 2018; Steinkellner et al., 2018).

Here, we report the first results that isolate the glutamate component of VTA projection 

neurons using conditional genetic manipulations. We found that optogenetic stimulation of 

VTA glutamate neurons is sufficient to drive positive reinforcement and that this appears to 

be independent of concurrent DA release. Glutamate neurons therefore represent an alternate 

VTA pathway with unique features by which mesolimbic projections could integrate reward 

and motivational signals to control reward-seeking behaviors.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Thomas S. Hnasko 

(thnasko@health.ucsd.edu)

Materials Availability

• This study did not generate new plasmids.

• This study did not generate new mouse lines.

• This study did not generate new unique reagents.

Data and Code Availability

• This study did not generate any code.

• This study did not generate any particular type of dataset.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Mice were bred at the University of California, San Diego (UCSD), group 

housed (max 5 mice/cage), and maintained on a 12h light–dark cycle with food and water 

available ad libitum unless noted. Initial breeders for Slc17a6tm2(cre)Lowl and Tg(Adora2a-

cre)K139Gsat/Mmcd breeders were obtained from The Jackson Laboratory (stock no: 

016963 and 036158, respectively). Drd1a+/Cre (Heusner et al., 2008) breeders were obtained 

from the lab of Larry Zweifel (University of Washington) and Thlox/lox mice were provided 

by the lab of Martin Darvis (University of Washington). All mice were maintained fully 

back-crossed on to C57Bl/6. Control and Th cKO mice were generated by breeding 

homozygous Thlox/lox mice to double heterozygous Th+/lox; Slc17a6+/Cre mice and 

heterozygous littermates were used as controls. Drd1+/Cre or Adora2a-Cre mice were bred to 

Slc17a6Cre/Cre. Mice were 3–8 months old for behavioral experiments, in vivo FSCV and 

immunohistochemistry and 8–12 weeks old for slice electrophysiology and ex vivo FSCV 

experiments. Male and female mice were included in all experiments, and all experiments 
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performed in accordance with protocols approved by the UCSD Institutional Animal Care 

and Use Committee.

METHOD DETAILS

Stereotactic surgery—Mice (>4-week-old) were anaesthetized with isoflurane, placed in 

a stereotaxic frame (Kopf), and 300 nl of AAV1-EF1α-DIO-ChR2(H134R):mCherry or 

AAV5-EF1α-DIO-mCherry (UNC gene therapy center virus vector core) infused into the 

VTA of heterozygote (Th+/lox; Slc17a6+/Cre) and TH cKO (Thlox/lox; Slc17a6+/Cre) mice (ml: 

±0.35, ap: −3.4, dv: −4.4 mm relative to Bregma) at 100 nl.min−1 (WPI UltraMicroPump) 

using custom made 30-gauge stainless steel (Plastics One, VA) injectors. For CRISPR/Cas9 

experiments VGLUT2:Cre mice were injected bilaterally with either AAV1-FLEX-SaCas9-

U6-sgTh or a control vector targeting human Th at a region of low complementarity AAV1-

FLEX-SaCas9-U6-sgTh(human) (sgCTRL) (Hunker et al., 2020). Cas9 vectors were mixed 

2:1 with AAV1-EF1α-DIO-ChR2(H134R):mCherry and a total of 300 nL injected per side. 

For the electrophysiology recordings from defined D1 or D2 type neurons, Drd1+/cre; 
Slc17a6+/Cre or Adora2a-Cre; Slc17a6+/Cre mice were infused with 2 different AAVs 

unilaterally: first with AAV5-EF1α-DIO-mCherry in the medial NAc shell (ml: −0.5, ap: 

+1.1, dv: 4.5) plus AAV5-EF1α-DIO-hChR2(H134R)-EYFP in VTA (ml: −0.35, ap: −3.4, 

dv: −4.4). For each infusion, the injection tip was left in place for 10 min and then slowly 

retracted. Mice used in behavioral experiments, were also implanted with a 200-μm-core 

optic fiber (Newdoon Inc.) inserted either unilaterally in VTA (ml: ±0.5, ap: −3.4, dv: −4.0) 

or bilaterally in NAc following a 10° mediolateral angle (ml: ±1.13, ap: +1.4, dv: −3.81) 

following viral infusion. Fibers were stabilized using dental cement (Lang dental) secured 

by at least two skull screws. Animals were treated with the analgesic Carprofen (Pfizer, 

5mg.kg−1 s.c.) before and after surgery. Mice were monitored daily and allowed to recover 

from surgery for > 3 weeks before subsequent assay.

Immunohistochemistry—Mice were deeply anaesthetized with pentobarbital (200 mg.kg
−1 i.p.; Virbac) and transcardially perfused with 10–20 ml of phosphate-buffered saline 

(PBS) followed by 60–70 ml of 4% paraformaldehyde (PFA) at a rate of 6 ml.min−1. Brains 

were extracted, post-fixed in 4% PFA at 4°C overnight and cryoprotected in 30% sucrose in 

PBS for 48–72h at 4°C. Brains were snap frozen in chilled isopentane and stored at −80°C. 

Sections (30 μm) were cut using a cryostat (CM3050S, Leica) and collected in PBS 

containing 0.01% sodium azide. For immunostaining, brain sections were blocked with 5% 

normal donkey serum in PBS containing 0.2% Triton X-100 (block) for 1 h at room 

temperature. Sections were then incubated with one or more of the following primary 

antibodies (rabbit anti-TH, 1:2,000, Millipore AB152; sheep anti-TH, 1:1,000, Pel-Freez 

P60101–0; rabbit anti-DsRed, 1:2000, Clontech 632496; rat anti-DAT 1:1000, Millipore 

MAB369; mouse anti-TH 1:1000, Millipore MAB318; rabbit anti-HA, 1:1000, H6908, 

Sigma - SaCas9 has a hemagglutinin (HA)-epitope tag on the C-terminus) in blocking buffer 

overnight at 4°C. Sections were rinsed 3×15 min with PBS and incubated in appropriate 

secondary antibodies (Jackson ImmunoResearch) conjugated to Alexa 488, Alexa 594 or 

Alexa 647 fluorescent dyes (5 μg.ml−1) for 2 h at room temperature. Sections were washed 

3×15 min with PBS, mounted onto glass slides and coverslipped with Fluoromount-G 

mounting medium (Southern Biotech) + DAPI (Roche, 0.5 μg.ml−1).
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Images were acquired using widefield epifluorescence (Zeiss AxioObserver). For the 

colocalization of TH with mCherry, images of VTA were acquired using a 20X objective 

with identical acquisition settings across slides. For fluorescence densitometry, images of the 

ventral and dorsal striatum were acquired and four to six striatal sections per animal were 

analyzed per animal. Briefly, regions of interest in the striatum were delineated and pixel 

densities were quantified using ImageJ. Background staining was quantified by 

measurement of pixel intensities in the corpus callosum and subtracted from striatal regions 

for normalization. For cell counting, sections covering the rostrocaudal extent of the VTA 

were collected and stained for TH and mCherry (Figure 1D) or HA (to visualize SaCas9) 

and TH (Figure 4B). Three to four sections covering the VTA were counted per animal by an 

experimenter blind to the treatment. For densitometry quantification, four striatal sections 

per animal were analyzed using ImageJ. Regions of interest in the dorsal and ventral 

striatum were delineated and pixel densities were quantified using ImageJ. Background 

staining was quantified by measurement of pixel density in the dorsomedial cortex and 

subtracted from striatal regions for normalization.

In situ hybridization followed by immunohistochemistry—Mice were anesthetized 

with pentobarbital (200 mg.kg−1, i.p.) and transcardially perfused with 4% PFA. Brains were 

removed, postfixed in 4% PFA overnight, and cryoprotected in 30% sucrose in PBS for 48–

72h. Brains were cut serially (16 μm) on a cryostat (CM3050S, Leica) and mounted directly 

onto Superfrost glass slides (Fisher). Sections were stored at −80°C before starting the 

RNAscope assay (Advanced Cell Diagnostics). Briefly, slides were baked at 60°C for 30 

min, rehydrated in PBS followed by boiling in Target Retrieval Solution (ACD) for 5 min. 

Slides were washed twice in distilled water and once in 100% ethanol before incubation with 

protease III (ACD) at 40°C for 30 min. RNA hybridization was performed according to the 

Fluorescent Multiplex Kit (ACD) using an antisense probe against Slc17a6/VGLUT2 (ACD 

319171-C1). After the last wash step, slides were rinsed two times in PBS, blocked in 5% 

normal donkey serum/0.2% Triton X-100 in PBS for 1h at room temperature and incubated 

with primary antibodies (rabbit Anti-TH 1:500; AB152, Chemicon; rat-Anti-DAT 1:500; 

MAB369, Chemicon) overnight at 4°C in blocking buffer. Next day, slides were washed 

three times in PBS for 15 min and incubated with secondary antibodies (1:400; Alexa Fluor 

488 and 647; Jackson ImmunoReseach) for two hours at room temperature. Finally, slides 

were washed three times in PBS for 15 min and coverslipped using DAPI-containing 

Fluoromount-G. Images were taken at 20x magnification using a Zeiss Axio Observer 

Epifluorescence microscope. For cell counting quantification, sections covering the 

rostrocaudal extent of the VTA were collected and stained for TH, DAT and VGLUT2. For 

RNAscope quantification of Vglut2-positive neurons, cells were deemed positive above a 

threshold of 4 puncta. 3–4 sections covering the VTA were counted per animal by an 

experimenter blind to the treatment.

Electrophysiological recordings from adult brain slices—Adult mice (7–12 wks) 

were deeply anaesthetized with pentobarbital (100 mg.kg−1 i.p.; Virbac) and transcardially 

perfused with 10 ml ice-cold sucrose-artificial cerebrospinal fluid (ACSF) containing (in 

mM): 75 sucrose, 87 NaCl, 2.5 KCl, 7 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4, 25 NaHCO3 and 

continuously bubbled with carbogen (95% O2–5% CO2). Brains were extracted, and 200-
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mm coronal slices were cut in sucrose-ACSF using a Leica Vibratome (vt1200). Slices were 

transferred to a perfusion chamber containing ACSF at 31°C (in mM): 126 NaCl, 2.5 KCl, 

1.2 MgCl2, 2.4 CaCl2, 1.4 NaH2PO4, 25 NaHCO3, 11 glucose, continuously bubbled in 

carbogen. After >45 min recovery, slices were transferred to a recording chamber 

continuously perfused with ACSF (2–3 ml.min−1) maintained at 29–31 °C using an in-line 

heater. Patch pipettes (3.5–5.5 MΩ) were pulled from borosilicate glass (King Precision 

Glass) and filled with internal recording solution containing (in mM): 120 CsCH3SO3, 20 

HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA, 2.5 Mg-ATP, 0.25 Na-GTP, at pH 7.25 and 285±5 

mOsm. mCherry-labelled VGLUT2 VTA terminals as well as D1R- and A2a-expressing 

NAc neurons were visualized by epifluorescence and visually guided patch recordings were 

made using infrared-differential interference contrast (IR-DIC) illumination (Axiocam 

MRm, Examiner.A1, Zeiss). ChR2 was activated by flashing blue light (5-ms) through the 

light path of the microscope using a light-emitting diode (UHP-LED460, Prizmatix) under 

computer control. Excitatory postsynaptic currents (EPSCs) were recorded in whole-cell 

voltage clamp (Multiclamp 700B amplifier, Axon Instruments), filtered at 2 KHz, digitized 

at 10 KHz (Axon Digidata 1550, Axon Instruments), and collected online using pClamp 10 

software (Molecular Device). Series resistance and capacitance were electronically 

compensated before recordings. Estimated liquid-junction potential was 12mV and left 

uncorrected. Series resistance and/or leak current were monitored during recordings and 

cells that showed >25% change during recordings were considered unstable and discarded. 

Neurons were held in voltage-clamp at −60mV to record AMPAR EPSCs in whole-cell 

configuration and single-pulse (5-ms) photostimuli were applied every 55 s and 10 photo-

evoked currents were averaged per neuron per condition. DMSO stock solution of DNQX 

(10 mM, Sigma) was diluted 1,000-fold in ACSF and bath applied at 10 μM. Current sizes 

were calculated by using peak amplitude from baseline. Decay time constants (τ) were 

calculated by fitting an exponential function to each averaged current trace using the 

following formula: f(t)=e−t/τ+C.

Fast-scan cyclic voltammetry recordings

In vivo FSCV: VGLUT2-Cre-expressing control and cKO mice were prepared as described 

above with Cre-dependent ChR2:mCherry virus infusion and optic fiber implantation 

targeting the VTA unilaterally. Following >6 weeks recovery, mice were anesthetized with 

isoflurane (induced at 3%, maintained at 0.5–1.5% throughout recordings) and placed in a 

stereotaxic frame (Kopf). A Ag/AgCl reference electrode was implanted in the contralateral 

hemisphere, and a carbon-fiber microelectrode (Clark et al., 2010) was lowered into the 

medial NAc shell (ml: ±0.4, ap: 1.34, dv: −3.55 mm). A PC-based system running 

TarheelCV software written in LabView (National Instruments) was used for voltammetric 

waveform application and data acquisition. The potential at the carbon-fiber electrode was 

held at −0.4 V vs. the Ag/AgCl reference, ramped to +1.3 V and back to −0.4 V at 400 V.s
−1. This voltammetric waveform initially was applied at 60 Hz for ~15 min and then at 10 

Hz for the duration of the recording. Optogenetic stimulation was delivered to the VTA 

through the optic fiber coupled to a 473-nm laser (LaserGlow). Stimulation trains (1-s, 10 

mW, 10 ms pulse width) at frequencies of 5, 10, 20, or 50 Hz were delivered every 2 min in 

interleaved, ascending order, with four repetitions of each frequency. This full stimulation 

protocol was repeated at 3–5 recording sites per animal 200 μm apart in the dorsoventral 
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axis. This multisite procedure increased chances of appropriate recording site within the 

medial NAc shell, then confirmed using post hoc histology. The last recording site was 

marked with an electrolytic lesion (70 μA, 20 s). When multiple recording sites were located 

within the medial shell for a given animal, a single site was included in the final group 

analyses, based on minimized noise throughout the stimulation protocol. Dopamine signal 

was isolated from the background-subtracted voltammetric signal using chemometric 

analysis (Heien et al., 2005) with custom code for principle component regression (Keithley 

et al., 2009) written in Matlab (MathWorks). Training sets for this analysis included standard 

cyclic voltammograms of dopamine and pH changes obtained from optogenetic stimulation 

in DAT-cre mice expressing ChR2 in the VTA, as well as electrode-specific background drift 

from the current recordings (Howard et al., 2017; Keithley and Wightman, 2011). Dopamine 

concentration was estimated based on average post-implantation electrode sensitivity (Clark 

et al., 2010). Nissl staining was used to visualize lesion sites created following FSCV 

measurements. Briefly, 30 μm frozen vibratome sections were mounted on slides, air dried 

and placed into 1:1 ethanol/chloroform overnight. Slides were then rehydrated through 

ethanol dilutions to distilled water, stained in 0.1% cresyl violet solution for 10 minutes. 

Slides were then rinsed with water and differentiated in 95% ethanol for 30 minutes and 

dehydrated in 100% ethanol for 2 × 5 minutes before being cleared in xylene 2 × 5minutes 

and coverslipped.

In vitro FSCV: For recording electrodes, cylindrical carbon-fiber electrodes were prepared 

with 7 μm diameter fibers (~100 μm of exposed fiber, GoodFellow) inserted into a glass 

pipette (1.0 mm, A-M systems) and pulled to seal the pipette around the carbon-fiber. The 

electrode was held at −0.4 V versus Ag/AgCl and a triangular voltage ramp (−0.4 to +1.3 at 

400 V.s−1) was delivered at 10 Hz. DA transients were evoked in the medial NAc shell by 

optogenetic stimulations (473 nm, 1 s, 5 ms pulse-width) at various frequencies (5–50 Hz) 

through the light path of the microscope. Data were collected and analyzed using TarheelCV 

software. The amplitude of DA transients was measured from the oxidation peak region and 

3 responses were averaged. For positive control recovery experiments DA was prepared 

fresh daily and bath-applied at 10 μM for 10 min followed by bath application of ACSF (10 

min, wash) prior to repeated DA measurement at the same recording site.

Behavioral studies

Behavioral pharmacology: Horizontal locomotor activity was measured in square plastic 

chambers (17 × 8.9 cm) using an automated video tracking system (ANY-maze, Stoelting 

Co.). The following drugs (all Sigma-Aldrich unless indicated) were injected: 50 mg.kg−1 L-

DOPA and 12.5 mg.kg−1 benserazide (i.p.) in 0.25% (wt/ vol) ascorbate in PBS, d-

amphetamine hemisulfate (5 mg.kg−1, i.p.) in saline, SKF81297 (0.2 mg.kg−1, i.p.; Tocris 

#1447) in saline. All drugs were injected at 10 ml.kg−1 except for L-DOPA/benserazide, 

which was injected at 33 ml.kg−1.

2-nosepoke self-stimulation: Mice were placed on a restricted feeding schedule: food 

restriction consisted of removing food the evening before the first day and ad libitum access 

was then restricted to a 3-h daily period following the assay. At the beginning of the session, 

ferrules were connected to a 50-mm optical patch cable connected to an optical commutator 
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(Doric Lenses) and mice were placed in operant chambers (Med Associates) controlled by 

MedPC IV software. The start of the session was signaled by a brief tone (2 kHz, 1 s), 

illumination of overhead house light, and LED cue lights over the nosepoke holes; sessions 

lasted 45 min. The chamber contained two photobeam-equipped nosepoke holes which were 

each baited at the start of each session with a sucrose pellet (Bio-Serv, F0071). Beam-breaks 

on the active nosepoke led to a 0.5 s tone, the LED cue lights over the nosepokes turned off 

for the duration of the photostimulus, and the activation of a TTL-controlled DPSS laser 

(473 nm, Shanghai or OEM laser) set to deliver pulses at 10 mW (80 mW.mm−2 at 200-m 

fiber tip) at 40 Hz (1 s, 10-ms pulse width) controlled by an Arduino stimulus generator. 

Laser power was measured using a digital power meter (Thorlabs PM100D/S121C). 

Nosepokes that occurred during ongoing photostimulation were recorded but were without 

effect; inactive nosepokes led to identical tone and cue light effects but did not trigger the 

laser.

Real-time place preference: On a baseline (pre-test) day, mice were placed on the border 

between two adjoining (20 × 20 cm) homogenous gray compartments and the amount of 

time spent in each compartment was recorded using video tracking software (ANY-maze). 

On the subsequent day, one side was designated active, where entries triggered 

photostimulation (473 nm, 10 mW, 40 Hz, 10-ms pulse width) using the lasers as described 

above but controlled by an ANY-maze interface (San Diego Instruments). Sessions lasted for 

30 min and the amount of time spent in each compartment and the number of crossings was 

recorded.

QUANTIFICATION AND STATISTICAL ANALYSIS

To evaluate statistical significance, data from Figure 1B, 1D, 4B, S1B, S1D, S2A–C, S3B, 

S3D, S3F and S3H were subjected to Student’s t-tests (KyPlot). Data from Figure 1F, 1G, 

2B–C, 2E–F, 3B–C, 3E–F, 4D–G, S2A–C, S3C and S3G were subjected to RM one- or two-

way ANOVAs followed by Sidak or Tukey post hoc analysis (GraphPad Prism v6). 

Friedman nonparametric test was used for non-Gaussian-assumed data from Figure 1I. In all 

the figures data are presented as means ± SEM unless noted and statistical significance was 

set at p<0.05.

Supplementary Material

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

• Activation of VTA glutamate neurons can reinforce behavior

• Activation of VTA glutamate neurons also leads to dopamine (DA) release

• We generated two distinct models to abolish this coincident DA signal

• VTA glutamate neuron activity can serve as a reinforcer independent from DA
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Figure 1. Disruption of TH expression and DA release from VTA glutamate neurons.
A. Genetic disruption of floxed Th gene in Slc17a6Cre (VGLUT2-Cre) mice. B. Coronal 

sections through VTA labeled with antibodies against TH and dopamine transporter (DAT), 

plus RNAscope probes targeting VGLUT2 transcripts. Neurons co-expressing TH and 

VGLUT2 (arrows) in controls were virtually absent in cKO; scale, 500 μm (top), 100 μm 

(bottom); t-test, ****p<0.0001 (n=3 mice/group). C. Strategy for selective expression of 

ChR2:mCherry in VGLUT2 VTA neurons. D. Coronal sections show colocalization of TH 

and ChR2:mCherry is nearly absent in the cKO; scale 100 μm (top), 50 μm (bottom); t-test, 

***p=0.0003 (n=3 mice/group). E. Schematic of ex vivo FSCV to measure DA evoked from 

VTA glutamate terminals. F. Photostimulation elicited frequency-dependent DA transients in 
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the medial NAc shell in control but not cKO; RM two-way ANOVA, main effect of 

frequency, F(4, 28)=11.0, p<0.0001; genotype, F(1, 7)= 22.5, p=0.002 and interaction, 

F(4,28)=9.6, p<0.0001. Sidak’s multiple comparisons test ****p<0.0001, **p<0.01 (control 

n=4, cKO n=5 mice). Right insets show example color plots following 20Hz 

photostimulation. Voltammogram scale: 2 nA; 500 ms. G. Bath application of DA (10 μM, 

10 minutes) rescued opto-triggered DA transients in cKO; RM one-way ANOVA, main 

effect of treatment, F(16, 64)=17.5, p<0.0001 (n=5 mice). Bonferroni’s multiple comparisons 

test ****p<0.0001. Right insets show example color plots following 20Hz photostimulation 

at 0 minutes (top) and 30 minutes (bottom) after DA bath application/wash. Voltammogram 

scale: 2 nA; 500 ms. H. Schematic of in vivo FSCV to measure evoked DA from VTA 

glutamate terminals. I. Photostimulation of VTA glutamate cell bodies elicited frequency-

dependent DA signals in NAc; Friedman test, main effect of frequency in controls, p<0.0001 

(n=4 mice) but not cKO mice, p=0.43 (n=5). Voltammogram scale: 1 nA; 500 ms. Data are 

represented as mean ± SEM. See also Figures S1, S2, S3, and S4.
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Figure 2. Self-stimulation of VTA glutamate neurons in cKO mice.
A. Approach for self-stimulation of VTA glutamate terminals in NAc. B. ChR2:mCherry-

expressing control and cKO mice displayed equivalent preference for the active nosepoke 

hole (day 1–4, hole A), and followed the active side after a switch (day 5–8, hole B); RM 

two-way ANOVA, main effect of day, F(7, 175)=18.6, p<0.0001 and interaction, F(14,175)=7.2, 

p<0.0001 (n=10 control, n=10 cKO, n=8 mCherry). Tukey Kramer’s multiple comparisons 

test ***p<0.001, **p<0.01, *p<0.05. C. ChR2:mCherry-expressing control and cKO 

increase the number of photostimulations earned across sessions compared to mCherry-

expressing mice; RM two-way ANOVA, main effect of genotype, F(2, 25)=5.2, p=0.013 and 

interaction, F(14, 175)=1.8, p=0.043. Sidak’s multiple comparisons test ***p<0.001, 

**p<0.01, *p<0.05. D. Approach for self-stimulation of VTA glutamate cell bodies. E. 
Control and cKO mice developed an equivalent preference for the active nosepoke hole; RM 

two-way ANOVA, main effect of day, F(3,57)=15.9, p<0.0001, and F. earned an equivalent 

number of photostimulations per session across days; RM two-way ANOVA, main effect of 

day, F(3,57)=27.2, p<0.0001 (n=11 control, n=10 cKO mice). Data are represented as mean ± 

SEM. See also Figure S4.
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Figure 3. Behavior in real-time place preference assay is unchanged by the loss of DA co-release 
in cKO mice.
A. Schematic of the real-time place preference assay (RTPP) with stimulation of VTA 

glutamate terminals in NAc. B. ChR2:mCherry-expressing control and cKO mice spent less 

time in the active side compared to mCherry-expressing mice; RM two-way ANOVA, main 

effect of day, F(6, 150)=23.8, p<0.0001 and interaction, F(12,150)=3.7, p<0.0001 (n=10 control 

mice, n=10 cKO, n=8 mCherry). Tukey Kramer’s multiple comparisons test ***p<0.001, 

**p<0.01, *p<0.05. C. ChR2:mCherry-expressing control and cKO displayed an increase in 

approach rate into the active compartment; RM two-way ANOVA, main effect of genotype, 

F(2, 25)=17.1, p<0.0001 and interaction F(25,150)=7.3, p<0.0001. Tukey Kramer’s multiple 

comparisons test ****p<0.0001, ***p<0.001. D. Schematic of RTPP with stimulation of 

VTA glutamate cell bodies. E. Control and cKO mice spent less time in the side paired with 

laser; RM two-way ANOVA, main effect of day, F(6,78)=14.6, p<0.0001; F. but this occurs 

concomitant with an increase in approach rate across sessions; RM two-way ANOVA, main 

effect of day, F(6,78)=6.6, p<0.0001 (n=11 control, n=10 cKO mice). Data are represented as 

mean ± SEM. See also Figure S4.
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Figure 4. Self-stimulation of VTA glutamate terminals in NAc following CRISPR/Cas9 
disruption of TH and DA co-release.
A. Schematic of AAV vectors and approach for CRISPR/Cas9 conditional deletion of Th 
from VTA glutamate neurons with concomitant ChR2:mCherry expression. B. Coronal 

sections show co-localization of TH in Cas9-expressing neurons in sgCTRL mice is absent 

in sgTh mice; scale, 100 μm (top), 50 μm (bottom); t-test, **p=0.0025 (n=4 mice). C. 
Schematic of ex vivo FSCV approach. D. Photostimulation evoked DA transients from VTA 

glutamate terminals in medial NAc shell of sgCTRL but not sgTh mice; RM two-way 

ANOVA, main effect of frequency, F(4, 24)=12.9, p<0.0001; treatment F(1, 6)=7.1, p=0.038 

and interaction, F(4,24)=8.1, p=0.0003, Sidak’s multiple comparisons test **p<0.01, *p<0.05 

(n=4 mice per group). Right insets show example color plots following 20Hz 

photostimulation. E. Time course of opto-triggered DA transient sizes after bath application/
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wash; RM one-way ANOVA, main effect of treatment, F(16, 48)=15.5, p<0.0001. 

Bonferroni’s multiple comparisons test ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 

(n=4 mice). Right insets show example color plots following 20Hz photostimulation at 0 

minutes (top) and 30 minutes (bottom) after DA bath application/wash. Voltammogram 

scale: 2 nA; 500 ms. F. Left: approach for self-stimulation of VTA glutamate terminals in 

NAc. Right: mice injected with either sgTh or sgCTRL develop an equivalent preference for 

the active nosepoke hole; RM two-way ANOVA, main effect of day, F(7,126)=5.7, p<0.0001 

(n=7 sgTh, n=8 sgCTRL, n=6 mCherry mice). G. Left: approach for self-stimulation of VTA 

glutamate cell bodies. Right: mice injected with either sgTh or sgCTRL develop an 

equivalent preference for the active nosepoke hole; RM two-way ANOVA, main effect of 

day, F(7, 84)=43.1, p<0.0001 and interaction, F(7, 84)=2.7, p=0.015 (n=6 sgTh, n=8 sgCTRL 

mice). Sidak’s multiple comparisons test *p<0.05. Data are represented as mean ± SEM. See 

also Figure S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Sheep Anti-tyrosine hydroxylase (TH) Pel-Freeze P60101-0

Rabbit Anti-tyrosine hydroxylase (TH) Millipore AB152

Rat Anti-dopamine transporter (DAT) Millipore MAB369

Rabbit Anti-DsRed Clontech 632496

Rabbit Anti-HA Sigma H6908

Donkey Anti-Sheep Alexa Fluor 647 Jackson Immuno Research 713-605-147

Donkey Anti-Rat Alexa Fluor 488-conjugated Jackson Immuno Research 712-545-150

Donkey Anti-Rabbit Fluor 594-conjugated Jackson Immuno Research 711-585-152

Donkey Anti-Rabbit Fluor 647-conjugated Jackson Immuno Research 711-605-152

Bacterial and Virus Strains

rAAV1-EF1α-DIO-hChR2(H134R)-mCherry UNC virus vector core N/A

rAAV5-EF1α-DIO-mCherry UNC virus vector core N/A

rAAV5-EF1a-DIO-hChR2(H134R)-EYFP UNC virus vector core N/A

rAAV1-FLEX-SaCas9-sgTh Hunker et al., 2020 N/A

Chemicals, Peptides, and Recombinant Proteins

6,7-Dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) Sigma-Aldrich D0540

Dopamine hydrochloride Alfa Aesar A11136

3,4-Dihydroxy-L-phenylalanine (L-DOPA) Sigma-Aldrich D9628

Benserazide hydrochloride Sigma-Aldrich B7283

D-amphetamine hemisulfate Sigma-Aldrich A5880

SKF81297 hydrobromide Tocris 1447

Critical Commercial Assays

RNAscope Multiplex Fluorescent Kit Advanced Cell Diagnostics 320850

Mm-Slc17a6-C1 (VGLUT2 Antisense probe) Advanced Cell Diagnostics 319171

Experimental Models: Organisms/Strains

Mouse: Slc17a6tm2(cre)Lowl The Jackson Laboratory 016963

Mouse: Thlox/lox Darvas and Palmiter, 2010 N/A

Mouse: Tg(Adora2a-cre)K139Gsat/Mmcd The Jackson Laboratory 036158

Mouse: Drd1a+/Cr Heusner et al., 2008 N/A
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