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ABSTRACT 

To achieve a goal, an organism must switch away from other behaviors and initiate movement 

toward the chosen goal. Interfacing between sensory and motor systems, the prefrontal cortex 

(PFC) is well-situated to switch behavior toward new goals and initiate goal-directed movement. 

Downstream of the PFC, ventral tegmental area (VTA) dopamine neurons increase in activity 5 

during goal approach, but the direct PFC-VTA connection has been understudied. We show that 

the medial PFC (mPFC)-VTA projection encodes the initiation of a goal-directed sequence during 

reward-seeking and the switch between passive and active behavior in the tail suspension test, 

but does not encode movement not directed toward a goal. Similarly, mPFC-VTA stimulation 

causes mice to direct their behavior toward goals and increases active behavior during tail 10 

suspension. Our findings reveal a neural circuit sufficient to switch between goals and initiate 

goal-directed movement, and offer insight into executive control over subcortical goal 

representation.  
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INTRODUCTION 

In order to achieve goals that are distant in either space or time, animals must identify a goal, 

switch away from other behaviors, and initiate behavior toward the chosen goal. The decision to 

switch away from an ongoing behavior and initiate a new one requires knowledge about what 

options are available and which needs must be met. Sitting atop the perception-action cycle, 5 

receiving input regarding both internal drive and external conditions, and sending widespread 

projections throughout the brain (Badre, 2008; Fuster, 2015, 2019), the prefrontal cortex (PFC) is 

well-positioned to integrate information and proactively coordinate behavior to achieve goals 

(Hardung et al., 2017). 

In clinical cases in which PFC function has been impaired, the ability to initiate goal-10 

directed behaviors is reduced. Atrophy of the frontal cortex due to injury (Moutaouakil, El Otmani, 

Fadel, & Slassi, 2009), drug abuse-associated hypofrontality (Okada et al., 1999), and decreased 

PFC volume coinciding with frontotemporal dementia (Huey et al., 2015) are all associated with 

substantially elevated apathy, defined as an attenuation of goal-directed behavior independent of 

cognitive, emotional, or motor deficits (Duffy, 2000). Such evidence has led to the emergence of 15 

the PFC as a therapeutic target, and transcranial magnetic stimulation of the PFC has been shown 

to reduce stroke-induced apathy (Sasaki et al., 2017). 

Recent work in rodents has sought to elucidate the mechanisms by which the PFC, and 

the medial PFC (mPFC) in particular, promotes goal-directed behavior. For example, dorsal 

mPFC neurons preferentially encode effortful behaviors (pushing and resisting) over passive ones 20 

(retreating and standing still) in a tube test in which a mouse confronts a conspecific, and 

stimulating mPFC neurons during this task increases the frequency of effortful behaviors (Zhou 

et al., 2017). mPFC activity is particularly representative of the initiation of goal-directed 

behaviors, firing upon the start of licking (rather than the delivery of reward) when reward is 

delayed in an operant task (Horst & Laubach, 2013; Laubach, Caetano, & Narayanan, 2015). 25 

Similarly, mPFC activity increases just prior to the switch from passive immobility to active 

struggling in the tail suspension and forced swim tests (Moda-Sava et al., 2019; Warden et al., 

2012). 

Despite the relevance of the mPFC and subcortical mPFC projections in particular to goal-

directed behavior (e.g., Kim et al., 2017; Otis et al., 2017; Warden et al., 2012), and the focus on 30 

ventral tegmental area (VTA) dopamine (DA) neurons in the context of movement toward goals 

(e.g., Hamid et al., 2015; Howe & Dombeck, 2016; Howe, Tierney, Sandberg, Phillips, & Graybiel, 

2013; Mohebi et al., 2019; Parker et al., 2016), comparatively little attention has been paid to the 

behavioral role of the direct mPFC-VTA projection (Beier et al., 2015; Kim et al., 2017; Murugan 

et al., 2017). Here, we sought to probe the function of the mPFC-VTA projection throughout the 35 

process of goal pursuit. Our results demonstrate that mPFC-VTA population activity increases 

upon the switch away from previous behaviors and the initiation of goal pursuit, and decreases 

back to baseline upon completion of the goal and termination of the behavior. 

 

RESULTS 40 

mPFC-VTA stimulation initiates movement in the tail suspension and open field tests. 

Studying goal-directed behavior necessarily requires examining movement, the physical 

means by which an organism approaches appetitive stimuli or reaches safety in threatening 

circumstances. To this end, we first studied how manipulating mPFC-VTA activity impacts 
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movement in multiple contexts. To excite mPFC-VTA, channelrhodopsin-2 fused to a yellow 

fluorescent protein (ChR2-eYFP) was expressed under the control of the predominantly excitatory 

Ca2+/calmodulin-dependent protein kinase-α (CaMKIIα) promoter in the mPFC, and a fiber was 

implanted over the medial VTA (Fig. 1a-b). To determine the effect of mPFC-VTA stimulation on 

movement in an aversive environment, mice were suspended by their tail (tail suspension test; 5 

TST), and 3 s bouts of 20 Hz stimulation were applied during 3 min epochs interleaved with no-

stimulation epochs across a 21 min test (Fig. 1c). mPFC-VTA stimulation reliably initiated active 

struggling on the TST during stimulation bouts compared to eYFP controls (n = 7 ChR2, n = 7 

eYFP, p < 0.05 Wilcoxon rank-sum test; Fig. 1d-f). We additionally placed mice in a more neutral 

environment—a standard open field (open field test; OFT)—and asked whether mPFC-VTA 10 

stimulation elicited movement in this context as well (Fig. 1g). Indeed, phasic 20 Hz stimulation 

initiated movement in the OFT during (n = 7 ChR2, n = 7 eYFP, p < 0.05 Wilcoxon rank-sum test) 

and immediately following (p < 0.01) the 3 s stimulation bouts, consistent with a recent study 

which stimulated the prelimbic cortex-VTA projection (Murugan et al., 2017). The effect of 

stimulation was sustained long enough such that ChR2 mice on average showed increased 15 

movement throughout the 3 min epochs during which phasic stimulation was provided (p < 0.05; 

Fig. 1h-j); during 3 min no-stimulation epochs, movement was not different between groups. 

We next asked whether sustained stimulation would generate sustained movement in TST 

and OFT, rather than stimulation only initiating movement. Providing 3 min bouts of constant 20 

Hz stimulation increased movement compared to eYFP controls in the TST (n = 11 ChR2, n = 10 20 

eYFP, p < 0.001 for first stimulation epoch, p < 0.01 for second and third stimulation epochs, 

Wilcoxon rank-sum test; Fig. S1a-d) and in the OFT (n = 12 ChR2, n = 10 eYFP, p < 0.01 for first 

and second stimulation epochs; Fig. S1e-h). These results confirm that both brief, phasic and 

prolonged, tonic stimulation drive movement in in multiple contexts. 

Finally, we sought to determine if the effect of mPFC-VTA stimulation would be altered if 25 

the context of the OFT were made more aversive or appetitive. In the aversive OFT, we coated 

the surfaces of the chamber with 70% ethanol, increased the brightness of the room lighting, 

played loud white noise, and flashed a strobe light (Fig. S2a). As in Fig. S1, two 3 min epochs of 

tonic 20 Hz stimulation were provided, and stimulation increased movement during both of these 

epochs relative to eYFP controls (n = 7 ChR2, n = 6 eYFP, p < 0.05 for first stimulation epoch, p 30 

< 0.01 for second stimulation epoch, Wilcoxon rank-sum test; Fig. S2d). In the appetitive OFT, 

the room light was turned off and replaced with red light, and the floor of the OFT was coated with 

each subject’s own homecage bedding (Fig. S2b). Stimulation increased movement in this context 

as well relative to eYFP controls (n = 7 ChR2, n = 6 eYFP, p < 0.01 for both stimulation epochs; 

Fig. S2e). Finally, we repeated the experiment in the most comfortable environment 35 

conceivable—each subject’s homecage (Fig. S2c). Stimulation did not significantly elevate the 

movement of ChR2 mice relative to eYFP controls, though the lack of statistical significance is 

likely due to the smaller area of the homecage relative to the OFT (Fig S2f). Collectively, these 

results raise the possibility that mPFC-VTA activity simply drives movement regardless of context. 

To test this possibility, we sought to record endogenous mPFC-VTA activity during movement. 40 

 

mPFC-VTA population Ca2+ activity encodes movement initiation in goal-directed, but not 

undirected behavior. 

To study the dynamics of population mPFC-VTA activity during movement, we employed 

photometry to measure endogenous population calcium (Ca2+) activity. A retrograde calcium 45 
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indicator, GCaMP6s, under control of the ubiquitous elongation factor 1a (EF1a) promoter and 

also expressing a nuclear dTomato fluorescent protein (AAVretro-EF1a-GCaMP6-nls-dTomato) 

was injected in the medial VTA. A fiber optic was implanted over the mPFC to measure calcium 

activity of the population of VTA-projecting mPFC neurons (Fig 2a-b). The change in fluorescence 

of a wavelength dependent on neural activity relative to its mean brightness across the recording 5 

session and normalized to an activity-independent frequency was used as a measure of mPFC-

VTA population activity (see Methods). On the TST, the initiation of movement co-occurred with 

a sharp increase in mPFC-VTA activity (Fig. 2c-e). On average, mPFC-VTA activity was 

significantly higher during the 1 s following movement initiation relative to activity 1 s prior to the 

onset of movement (n = 8 GCaMP, p < 0.01 Wilcoxon sign-rank test; Fig. 2f). To confirm this 10 

change in fluorescence was not simply a motion artefact, we repeated the experiment in mice 

expressing a neural activity-independent fluorescent protein, GFP, and did not see an increase in 

fluorescence upon movement onset (n = 3 GFP; Fig. 2e-f). 

We also performed photometry while the mice moved freely in the OFT to determine if the 

onset of any movement, whether an effort to free itself from tail suspension or simple locomotion 15 

in a neutral context, was sufficient to generate an increase in mPFC-VTA activity (Fig. 2g). While 

mPFC-VTA activity was modulated during the OFT session, transients were not locked to 

movement initiation in either GCaMP mice or GFP controls (n = 10 GCaMP, n = 3 GFP; Fig. 2h-

j). These results demonstrate that mPFC-VTA activity encodes the initiation of a goal-directed 

movement to free oneself from a threatening environment, but not undirected movement in a 20 

neutral context. We next asked whether mPFC-VTA activity would encode movement toward an 

appetitive goal, in addition to movement directed away from a threat. 

 

mPFC-VTA population Ca2+ activity encodes the initiation of a goal-directed sequence, but not 

reward or undirected movement, in an operant reward task. 25 

Water-deprived mice were trained on a simple operant-reward task in which entering a 

nose-poke at one end of an operant chamber would sound a soft auditory cue and deliver 10 µL 

of water to a spout on the opposite side of the chamber (Fig. 3a). We observed that mPFC-VTA 

activity was modulated by two features of the task: activity sharply increased as mice finished 

consumption at the water spout and moved back to the nose-poke to initiate another trial, and 30 

activity was suppressed as mice reached the spout and began consuming water (Fig. 3b). 

Averaging across trials and then across mice, mPFC-VTA activity increased following the last lick 

of a bout (n = 10 GCaMP, n = 3 GFP, p < 0.01 Wilcoxon sign-rank test; Fig. 3c,f), and was 

suppressed upon the first lick of a bout (p < 0.01 Wilcoxon sign-rank test; Fig. 3e,h), consistent 

with a previous study which demonstrated reduced mPFC-VTA activity during reward 35 

consumption (Kim et al., 2017). The lack of change in fluorescence in GFP controls confirmed 

that this effect was not simply a motion artefact. Notably, although mPFC-VTA activity increased 

upon movement away from the lick spout, there was no such modulation upon movement away 

from the nose-poke (Fig. 3d,g), nor as the mouse initiated a task-irrelevant movement at least 10 

s removed from either a poke or lick (n = 6 GCaMP, n = 3 GFP; Fig. S3a-c). These results suggest 40 

that mPFC-VTA encodes the switch from one behavior to the next (reward consumption to reward 

seeking) and the concurrent initiation of a goal-directed sequence (movement toward the nose-

poke), but does not signal movement after the goal-directed sequence has already been initiated 

(movement from the poke to the water spout). These results are consistent with the increase in 
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mPFC-VTA activity as mice switch from immobility to struggling during tail suspension, and the 

lack of modulation upon movement initiation in the open field (Fig. 2). 

 

mPFC-VTA stimulation elicits approach toward an appetitive goal. 

Given that mPFC-VTA population activity increases upon the initiation of a goal-directed 5 

sequence, we asked whether stimulating mPFC-VTA could cause the mouse to approach an 

appetitive stimulus in its environment. To answer this question, mice who had been pre-exposed 

to peanut butter were placed in an open field containing a cup of peanut butter in one corner (the 

“goal zone”). When the mouse entered the middle of the open field (the “stimulation zone”), 3 s of 

20 Hz stimulation was applied and we measured the mouse’s latency to enter either the goal zone 10 

or an equally sized area at the opposite corner of the chamber (the “control zone”; Fig. 4a). On 

some trials, stimulation caused the mouse to direct its movement toward the goal, and on other 

trials appeared to have no effect as mice continued on their initial trajectory upon stimulation (Fig. 

4b). Stimulation increased the likelihood that mice would enter the goal zone following stimulation 

(n = 145 ChR2 trials from 8 mice, n= 61 eYFP trials from 5 mice, p < 0.05 Cox proportional hazard 15 

regression; Fig. 4b), and did not affect the probability of entering the control zone. The mean trial 

duration (latency until zone entry) and number of trials performed were not significantly different 

between ChR2 and eYFP mice (Fig. S4), suggesting that the shifted probability is not simply an 

artefact of increased movement. These results demonstrating that mPFC-VTA stimulation 

initiates a switch from random exploration to goal-directed movement are consistent with mPFC-20 

VTA stimulation initiating a switch from immobility to mobility in the TST. 

 

Unlike VTA DA, mPFC-VTA stimulation only weakly induces place preference. 

Finally, we asked whether mPFC-VTA activity is reinforcing like VTA dopaminergic (DA) 

activity (Tsai et al., 2009). To answer this question, we performed a place preference assay in 25 

which the mouse could freely explore an arena with two chambers differentiated by their wallpaper 

and floor texture. On the second day, we provided stimulation when the mouse was in the 

chamber for which it showed lower baseline preference on the previous day. On the third day, the 

laser was again turned off and mice could explore the arena freely, and we asked whether the 

mouse showed a place preference (or avoidance) for the chamber associated with stimulation on 30 

days two and three (Fig. 5a). We found that mice receiving mPFC-VTA stimulation showed neither 

a real-time (day 2) nor a latent preference (day 3) for the chamber associated with stimulation 

relative to eYFP controls (n = 7 ChR2, n = 6 eYFP; Fig. 5d), consistent with a previous study (Kim 

et al., 2017); however, within ChR2 subjects there was a significant increase in place preference 

between baseline and real-time stimulation (p < 0.05, Wilcoxon sign-rank test). 35 

As a positive control, we tested whether our paradigm would induce place preference in 

mice receiving VTA DA stimulation, as demonstrated previously (Tsai et al., 2009). Cre-

dependent ChR2 (AAV5-DIO-ChR2-eYFP) or an eYFP control was injected into the medial VTA 

of transgenic mice which expressed Cre in cells expressing the DA transporter (DAT-Cre), a well-

known marker for DA cells (Fig. 5b-c) (Lammel et al., 2015). A fiber optic was implanted over the 40 

medial VTA, and 50 Hz stimulation, a frequency shown to elicit DA release in the striatum (Tsai 

et al., 2009), was provided in the manner described above. As expected, mice demonstrated a 

greater place preference both in real-time and on the following day for the chamber associated 

with VTA DA stimulation, relative to eYFP controls (n = 8 ChR2, n = 4 eYFP, p < 0.05 for real-
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time and post-test sessions, Wilcoxon rank-sum test; Fig. 5e). To confirm this was not simply an 

effect of stimulation frequency, we repeated the experiments stimulating mPFC-VTA and VTA DA 

using alternate parameters. As expected, mice showed no place preference for 50 Hz mPFC-VTA 

stimulation (n = 7 ChR2, n = 4 eYFP; Fig. S5a). While DAT-Cre ChR2 mice showed increased 

place preference relative to baseline using 20 Hz stimulation (n = 8 ChR2, n = 4 eYFP, p < 0.001, 5 

Wilcoxon sign-rank test), this difference was not significant compared to eYFP controls (Fig. S5b). 

Though mice do not strongly prefer an area in space associated with increased mPFC-VTA 

activity, we next asked whether they would perform an action to self-stimulate mPFC-VTA. 

 

Following mPFC-VTA self-stimulation, mice switch between goals. 10 

To determine if mice would self-stimulate mPFC-VTA, we performed an intra-cranial self-

stimulation (ICSS) experiment in which the mouse could freely poke two nose-pokes in an operant 

chamber: one which would provide 3 s stimulation (the “active poke”) and one which had no 

function (the “inactive poke”; Fig. 6a). Surprisingly given our mixed place preference results, mice 

receiving 20 Hz mPFC-VTA stimulation poked the active poke more than the inactive poke (Fig. 15 

6b), and on the third session ChR2 mice performed significantly more active pokes than eYFP 

mice (n = 4 ChR2, n = 4 eYFP, p < 0.05, Wilcoxon sign-rank test; Fig. 6d). Mice receiving 50 Hz 

VTA DA stimulation self-stimulated much more vigorously (Fig. 6c), as ChR2 mice performed 

significantly more active than inactive pokes on all three sessions (n = 8 ChR2, n = 4 eYFP, p < 

0.01 for session 1, p < 0.001 for sessions 2 and 3, Wilcoxon sign-rank test), and ChR2 mice 20 

performed more active pokes than eYFP mice on each session (p < 0.05 for session 1, p < 0.01 

for sessions 2 and 3, Wilcoxon rank-sum test; Fig. 6e). To determine if the magnitude of these 

effects was simply due to stimulation frequency, we next ran ICSS using alternate stimulation 

parameters. As with 20 Hz stimulation, ChR2 mice also performed more active pokes on session 

3 than eYFP mice for 50 Hz mPFC-VTA stimulation (n = 3 ChR2, n = 3 eYFP, p < 0.05, Wilcoxon 25 

rank-sum test; Fig. S6a). DAT-Cre ChR2 mice did not poke for 20 Hz self-stimulation, though 

ChR2 mice did perform significantly fewer inactive pokes than eYFP mice on the first two sessions 

(n = 7 ChR2, n = 4 eYFP, p < 0.05 for the first session, p < 0.01 for the second session, Wilcoxon 

rank-sum test; Fig. S6b). 

In addition to differences in the number of active pokes performed between mice receiving 30 

mPFC-VTA and VTA DA stimulation, the behavior following self-stimulation differed as well. Mice 

receiving 50 Hz VTA DA stimulation clustered the timing of their pokes around the cessation of 

the stimulation (3 s following the previous poke), whereas mice receiving mPFC-VTA stimulation 

had a wider distribution of poke timing (Fig. S6c). This highlights the strong reinforcing property 

of VTA DA stimulation, as mice behave to maximize the duration of stimulation, and suggests that 35 

mPFC-VTA stimulation is driving a different kind of behavior. Interestingly, we noticed that after 

mPFC-VTA self-stimulation mice often moved across the chamber and performed an inactive 

poke (Fig. 6f). After performing an active poke and receiving mPFC-VTA stimulation, if mice 

performed their next poke 3-4 s later, it was nearly equally likely to be an inactive poke as it was 

an active poke (Fig. 6h). This was not the case for mice receiving VTA DA stimulation, who were 40 

unlikely to perform inactive pokes after active pokes regardless of the inter-poke interval (Fig. 

6g,h). Additionally, this was not simply a byproduct of normal operant chamber behavior, as 

across all groups mice did not immediately switch back to the active poke following an inactive 

poke (Fig. 6i, S6d-e). In this experiment, both the active and inactive port were baited with sugary 

cereal on the first session and therefore could conceivably be considered goal locations. Upon 45 
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mPFC-VTA stimulation, there is a relatively equal chance that the mouse remains at the current 

goal location (the active port) and pokes again, and that it switches to the alternate goal (the 

inactive port) and pokes there. Collectively, these results offer support to the hypothesis that 

mPFC-VTA activity causes mice to switch between goal-directed behaviors and initiate movement 

toward the chosen goal. 5 

 

DISCUSSION 

In order to achieve a goal, an organism must identify the goal, switch away from its current 

behavior, and initiate movement toward that new goal. Here, we have shown a role for the mPFC-

VTA projection in the latter two processes. Both when the mouse switches from passive to active 10 

behavior in the TST (Fig. 2) and from reward-consumption to reward-seeking in the operant-

reward task (Fig. 3), there is a sharp increase in mPFC-VTA activity. In both cases, mPFC-VTA 

transients are aligned with the initiation of movement, when the animal has shifted away from its 

previous behavior (i.e., immobility in the TST and water consumption in the operant-reward task) 

and begun its new one (i.e., mobility in the TST and movement toward the nose-poke in the 15 

operant-reward task). mPFC-VTA activity also remains elevated throughout the goal-directed 

action, decreasing upon having achieved the goal (reward receipt in the operant-reward task) or 

reversion back to passivity (as in TST). That the mPFC-VTA signals goal-directed, but not 

undirected movement is demonstrated by the lack of calcium activity upon movement initiation in 

the open field (Fig. 2) and in the operant-reward task when not directed towards the nose-poke 20 

or water spout (Fig. S3). 

One of our more intriguing findings comes from the self-stimulation experiment. Given that 

mice show only weak place preference for mPFC-VTA stimulation (Fig. 5d) (Kim et al., 2017), 

suggesting that mPFC-VTA activity is not intrinsically reinforcing in the manner of VTA DA activity, 

we predicted that mice would similarly not self-stimulate mPFC-VTA. Interestingly, mice 25 

expressing ChR2 in the mPFC-VTA projection performed more pokes at the active (stimulation-

generating) port than the inactive port, and following stimulation often ran across the chamber to 

perform a nose-poke at the inactive port (Fig. 6f,h). This appeared to be a function of elevated 

mPFC-VTA activity, rather than an attraction to the inactive port itself, as very few inactive pokes 

were performed outside of the short time window following stimulation (Fig. 6f,h). Similarly, when 30 

passing through the area surrounding the inactive poke more than five seconds following 

stimulation, mice almost never performed an inactive poke (Fig. 6f). We speculate that mPFC-

VTA stimulation shifts mice in a goal-directed state. On some trials stimulation reinforces the goal 

of self-stimulation and mice quickly perform another active poke; on other trials stimulation 

switches the goal to the only other interesting object in the environment—a well-lit crevice that 35 

was baited with sugary food the previous day. Such a framework explains the higher number of 

inactive pokes performed by mPFC-VTA ChR2 mice compared to VTA DA ChR2 mice, and the 

timing of such pokes (Fig. 6). 

This hypothesis that mPFC-VTA activity shifts mice into a goal-directed state is bolstered 

by our finding that mPFC-VTA stimulation directs the mouse’s movement toward a food reward 40 

more reliably than sham stimulation (Fig. 4). Peanut butter is a naturally appetitive food stimulus 

(e.g., Cho et al., 2017), though not of such strong valence that mice remain in the goal zone at 

the expense of exploring the rest of the chamber. Stimulating mPFC-VTA redirected the mouse’s 

movement such that it approached the peanut butter more quickly than it would have without 

stimulation, supporting our hypothesis that mPFC-VTA activity switches behavior away from other 45 
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tasks (movement throughout the chamber) and initiates movement toward the goal (peanut 

butter). 

Goal-directed behavior requires tracking the goal’s location in space, and studies in 

humans and rodents suggest the mPFC is critical for this function. One case study demonstrated 

that a patient with ventromedial PFC damage was unable to navigate toward a goal location in 5 

his hometown despite being able to verbalize the identity of the location, and instead walked to 

other familiar locations along the way (Ciaramelli, 2008). Similarly, lesioning mPFC impairs a rat’s 

ability to navigate toward safe platforms in the Morris water maze when starting from new 

positions, demonstrating spatial goal representations in mPFC are critical for navigation (Granon 

& Poucet, 1995). Striatum-projecting mPFC neurons in mice encode social goal locations 10 

(Murugan et al., 2017), and in rats goal trajectory-encoding mPFC neurons relay information to 

the hippocampus, perhaps informing place field allocation (Ito, 2018; Ito, Zhang, Witter, Moser, & 

Moser, 2015). Our results suggest that VTA-projecting mPFC neurons could be a critical 

population for navigation toward a goal, as mPFC-VTA stimulation induces goal approach (Fig. 

4, 6) and mPFC-VTA population activity encodes the initiation of a goal-directed sequence (Fig. 15 

3). 

One question our study leaves open is the downstream effect of increased activity in VTA-

projecting mPFC cells, i.e. whether mPFC activity preferentially activates VTA GABA or DA 

neurons. Anatomical tracing studies have shown that mPFC directly innervates the VTA (Gabbott, 

Warner, Jays, Salway, & Busby, 2005; Hurley, Herbert, Moga, & Saper, 1991; Sesack & Carr, 20 

2002; Sesack, Deutch, Roth, & Bunney, 1989), and that mPFC terminals synapse onto both DA 

(Beier et al., 2015; Carr & Sesack, 2000; Sesack & Pickel, 1992; Watabe-Uchida, Zhu, Ogawa, 

Vamanrao, & Uchida, 2012) and GABA (Beier et al., 2015; Carr & Sesack, 2000) cells within the 

VTA. While mPFC axon stimulation has been shown to generate excitatory responses in 

individual DA cells (Beier et al., 2015), the weight of evidence suggests that the mPFC serves to 25 

inhibit VTA DA activity, similar to mPFC suppression of serotonergic activity in the dorsal raphe 

nucleus (DRN) (Amat et al., 2005). mPFC stimulation elicits an immediate decrease in DA activity, 

followed by a rebound of DA bursting approximately 200 ms later (Gariano & Groves, 1988; Tong, 

Overton, & Clark, 1996). Similarly, VTA DA neurons that fire in coherence with the mPFC are 

50% out of phase, while non-DA VTA cells are much nearer to being phase-locked with mPFC 30 

activity (Gao et al., 2007). Collectively, this suggests that the net monosynaptic effect of the 

mPFC-VTA projection is to excite GABA interneurons, transiently suppressing DA firing, followed 

by a rebound of DA activity. DA activity after minutes of mPFC manipulation is more mixed, 

possibly due to network plasticity (Moreines, Owrutsky, & Grace, 2017; Murase, Grenhoff, 

Chouvet, Gonon, & Svensson, 1993; Patton, Bizup, & Grace, 2013; Shim, Bunney, & Shi, 1996; 35 

Svensson & Tung, 1989; Zhang et al., 2012). 

Those VTA DA neurons which do receive mPFC input project more heavily back to the 

mPFC than to the striatum (Carr & Sesack, 2000). DA release in the PFC is thought to modulate 

cognitive strategy, switching between exploratory and exploitative behaviors to achieve a goal 

(Durstewitz & Seamans, 2008; Ellwood et al., 2017). This raises the possibility that the strategy 40 

represented by goal-selective VTA-projecting mPFC populations, which we have shown are 

active upon movement initiation toward a goal, could be reinforced by reciprocally projecting DA 

neurons. Though striatum-projecting DA cells receiving mPFC input are a smaller population than 

mPFC-projectors, one recent study suggests a striking functional connection: when the mPFC 

and VTA DA neurons are co-stimulated, striatal activity is suppressed relative to DA stimulation 45 
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without mPFC co-stimulation (Ferenczi et al., 2016). This mPFC-mediated suppression of 

mesolimbic activity offers insight into the initiation of movement toward goals. 

While it is well-established that dorsal striatum-projecting DA neurons fire upon movement 

initiation (da Silva, Tecuapetla, Paixão, & Costa, 2018; Howe & Dombeck, 2016; Parker et al., 

2016), ventral striatum-projecting DA neurons are suppressed upon movement initiation. 5 

Individual VTA DA axons in the striatum are activated predominantly by either reward delivery or 

locomotion, and reward-selective DA axons are actually inhibited during locomotion (Howe & 

Dombeck, 2016). Similarly, during a Pavlovian task more VTA DA neurons are inhibited than 

excited upon movement initiation outside of Pavlovian cues (Coddington & Dudman, 2018). Our 

finding that mPFC-VTA activity increases upon the initiation of goal-directed movement (Fig. 2e, 10 

3c), together with evidence that mPFC activity transiently suppresses VTA DA activity, raises the 

possibility that the mPFC may be the upstream effector of VTA DA suppression upon movement 

initiation. 

But what might be the function of VTA DA suppression upon the initiation of goal-directed 

action? Some have proposed that ensembles of neurons in the ventral striatum represent goal 15 

states, and that these ensembles laterally inhibit neighboring ensembles (which represent 

separate goal states) (Connolly & Burns, 1993). Such a structure would create a winner-take-all 

framework, in which as one ensemble increases its activity (and the representation of its goal 

becomes stronger), other ensembles are inhibited and representations of alternative goals 

diminish (Fukai & Tanaka, 1997; Mao & Massaquoi, 2007). If such ensembles consist of D1-20 

MSNs, linearly increasing ventrostriatal DA release as mice approach goals (Howe et al., 2013) 

would excite these ensembles, accelerating the determination of a winner. A surge in mPFC-VTA 

activity upon the initiation of a goal-directed movement, briefly inhibiting VTA DA activity, would 

pause this excitation and allow the striatal winner-take-all network to reset as a new ensemble 

begins to win out and a new goal is chosen. Though ventrostriatal- and VTA-projecting mPFC 25 

cells are predominantly separate populations (Kim et al., 2017), mPFC efferents to the ventral 

striatum may play the same functional role. Ventral striatum-projecting mPFC neurons selectively 

excite D2-MSNs (Goto & Grace, 2005), which in turn would also suppress the activity of D1-MSNs 

via local GABAergic transmission (Fig. S7). 

Though mPFC efferents to the VTA and striatum do not collateralize (Kim et al., 2017), we 30 

cannot rule in or out the impact of other collaterals on our results. The contribution of the mPFC 

to goal-directed behavior has repeatedly been shown to be projection-specific (e.g., Otis et al., 

2017; Warden et al., 2012). VTA-projecting mPFC cells are almost exclusively layer V, which 

targets other subcortical regions including the lateral hypothalamus, DRN, and basolateral 

amygdala, among others (Gabbott et al., 2005). Physiologically, some collaterals have been 35 

confirmed: 60% of mPFC neurons which fire as a result of antidromic activity from either the VTA 

or the DRN also fire upon antidromic activity from the other region (Vázquez-Borsetti, Celada, 

Cortés, & Artigas, 2011). Future work should explore the impact of mPFC collaterals on the choice 

and initiation of goal-directed behaviors. 

We have shown that mPFC-VTA activity signals the behavioral switch and initiation of 40 

movement toward goals. Our results offer implications for goal representation and action selection 

in the ventral striatum, and the function of VTA dopamine in bolstering such representations. 
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METHODS 

All procedures conformed to guidelines established by the U.S. National Institutes of Health and 

have been approved by the Cornell University Institutional Animal Care and Use Committee. 

 

Mice 5 

Male and female C57BL/6J (Jackson Laboratory, Bar Harbor, ME) were used for 

experiments addressing mPFC-VTA function. Male DAT-Cre mice (Jackson Laboratory, Bar 

Harbor, ME) fully backcrossed to C57BL/6J mice were used for experiments addressing VTA DA 

function. All mice were group-housed, maintained on a reverse 12 h light-dark cycle, and had ad 

libitum access to food and water, except on days in which the poke-reward experiment was run, 10 

in which mice were water-restricted. 

 

Viral vectors 

For mPFC-VTA optogenetics experiments, AAV5-CaMKIIα-ChR2-eYFP and AAV5-

CaMKIIα- eYFP (UNC Vector Core, Chapel Hill, NC) were used. For VTA DA optogenetics 15 

experiments, AAV5-EF1a-DIO-ChR2-eYFP and AAV5-EF1a-DIO-eYFP (UNC Vector Core, 

Chapel Hill, NC) were used. For mPFC-VTA photometry experiments, AAVretro-EF1a-GCaMP6s-

P2A-nls-dTomato and AAVretro-CAG-GFP (Addgene, Watertown, MA) co-injected with AAV5-

hSyn-mCherry (UNC Vector Core, Chapel Hill, NC) were used. 

 20 

Stereotaxic surgery 

Pre-surgery. Mice were anesthetized using 5% isoflurane, had their head shaved, and 

were placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA). A heating pad was placed 

under the mice to prevent hypothermia, and anesthesia was maintained with 1-2% isoflurane 

delivered through a nosecone throughout the duration of the surgery. Ophthalmic ointment 25 

(Puralube, Dechra Veterinary Products, Overland Park, KS) was applied to the eyes, 0.5 mL 

Ringer’s saline and 0.1 mL enrofloxacin (Baytril, 1.0 mg/mL) were injected subcutaneously in the 

torso, and a 0.1 mL 1:1 mixture of 0.5% lidocaine (5.0 mg/mL) and 0.25% bupivacaine (2.5 

mg/mL) was injected subcutaneously along the incision line. The area around the incision was 

disinfected with Betadine scrub and 70% ethanol, and an incision was made along the midline 30 

using a scalpel. The skull was thoroughly cleaned with sterile 0.9% NaCl saline, and craniotomies 

were drilled (EXL-M40, Osada, Los Angeles, CA) as appropriate for viral injection and/or fiber 

implant. 

Viral vector injections. All viral vectors were slowly pressure-injected (100 nL/min) using a 

10 µL Hamilton syringe (NanoFil, WPI, Sarasota, FL), a 33-gauge beveled needle, and a micro-35 

syringe pump controller (Micro 4, WPI, Sarasota, FL). Following each injection, the needle was 

left in place for at least 5 min and then slowly withdrawn. For mPFC-VTA optogenetics 

experiments, 2000 nL (500 nL per injection site) AAV5-CaMKIIα-ChR2-eYFP (or AAV5-CaMKIIα-

eYFP for controls) was injected bilaterally in the mPFC at AP = +1.78, ML = ±0.25, DV = -3.00, -

2.50 in male C57BL/6J mice. For VTA DA optogenetics experiments, 800 nL (400 nL per injection 40 

site) AAV5-EF1a-DIO-ChR2-eYFP (or AAV5-EF1a-DIO-eYFP for controls) was injected 

unilaterally in the VTA at AP = -3.30, ML = 0.30, DV = -4.60, -4.30 in male and female DAT-Cre 

mice. For mPFC-VTA photometry experiments, 1000 nL (500 nL per injection site) 1:1 AAVretro-
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EF1a-GCaMP6s-P2A-nls-dTomato and AAV5-hSyn-mCherry (for injection visualization 

purposes) was injected unilaterally in the VTA at AP = -3.30, ML = 0.25, DV = -4.50, -4.20 in male 

and female C57BL/6J mice. 

Fiber implants. Prior to fiber placement, the exposed skull was scored with the drill. For 

mPFC-VTA and VTA DA optogenetics experiments, a 200 µm diameter, 0.22 NA optical fiber 5 

(Thorlabs, Newton, NJ) was implanted unilaterally over the VTA at AP = -3.30, ML = 0.40, DV = -

4.00. For mPFC-VTA photometry experiments, a 400 µm diameter, 0.48 NA optical fiber (Doric 

Lenses, Quebec, QC, CA) was implanted unilaterally over the mPFC at AP = +1.78, ML = 0.25, 

DV = -2.50. Implants were cemented to the skull with Metabond (Parkell, Edgewood, NY) and a 

layer of dental acrylic (Lang Dental Manufacturing, Wheeling, IL) was applied to secure the fiber, 10 

and any surrounding skin was sutured (Ethilon 4-0, Ethicon, Somerville, NJ). 

Post-surgery. Post-operative injections of 0.1 mL buprenorphine (Buprenex, 0.01 mg/mL) 

and 0.1 mL carprofen (1.0 mg/mL) were administered subcutaneously at the torso, and mice were 

allowed to recover individually under a heat lamp before being returned to the homecage. 

Behavioral testing began after a minimum of 6 weeks to allow for viral expression. 15 

 

Fiber photometry 

Data acquisition. Fiber photometry experiments were performed as previously described 

(Seo et al., 2019). 473 nm and 405 nm data were collected from GCaMP and GFP mice in 

photometry experiments using a custom-built system. 473 nm and 405 nm diode lasers (LuxX, 20 

Omicron, Rodgau-Dudenhofen, DE) were modulated at 700 Hz and 500 Hz, respectively, using 

a dual optical chopper (Model 3502, New Focus/Newport, Irvine, CA). The two laser beams were 

combined using a mirror (KM100-E02, Thorlabs, Newton, NJ) and a dichroic filter (LM01-427, 

Semrock, Rochester, NY), and the power was adjusted using a neutral density filter to 20-80 µW. 

The power-adjusted laser beams were aligned to a fluorescence filter cube (DMFP, Thorlabs, 25 

Newton, NJ), in which the excitation beams were reflected with a dichroic filter (FF495, Semrock, 

Rochester, NY), collimated (FC240FC-A with AD11F, Thorlabs, Newton, NJ), and coupled to a 

400 µm optical patch cord (Doric Lenses, Quebec, QC, CA). Emitted fluorescence from the brain 

was passed through a dichroic filter (FF495, Semrock, Rochester, NY) and a bandpass filter 

(FF03-525/50, Semrock, Rochester, NY), and was collected by a femtowatt photoreceiver (Model 30 

2151, New Focus/Newport, Irvine, CA). The photoreceiver output was directed through two lock-

in amplifiers (SR810 DSP, Stanford Research System, Sunnyvale, CA), digitized using a data 

acquisition unit (U6 Pro, LabJack, Lakewood, CA) at a 250 Hz sampling rate, and recorded using 

LabJack software. 

Data analysis. As described previously (Seo et al., 2019), raw 473 nm and 405 nm 35 

channels were filtered at 20 Hz, and the calcium activity-independent 405 nm reference channel 

was fit to the calcium-activity dependent 473 nm channel using linear least squares. Relative 

fluorescence changes, reported as dF/F, were calculated using the following equation: 

𝑑𝐹

𝐹
=  

473 𝑛𝑚 𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑓𝑖𝑡𝑡𝑒𝑑 405 𝑛𝑚 𝑠𝑖𝑔𝑛𝑎𝑙

𝑠𝑒𝑠𝑠𝑖𝑜𝑛 𝑚𝑒𝑎𝑛 473 𝑛𝑚 𝑠𝑖𝑔𝑛𝑎𝑙
 × 100 

 40 
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Optogenetic stimulation 

Prior to behavioral testing, an external 200 µm, 0.22 NA optical fiber (Doric Lenses, 

Quebec, QC, CA) was coupled to the mouse’s implanted fiber optic with a zirconia sleeve (Doric 

Lenses, Quebec, QC, CA). Top allow for unrestricted rotation, the optical fiber was coupled via a 

commutator (FRJ, Doric Lenses, Quebec, QC, CA) to a 200 µm, 0.22 NA optical patch cable 5 

(Thorlabs, Newton, NJ). The patch cable was coupled to a 100 mW 473 nm diode pumped solid-

state laser (OEM Laser Systems, Salt Lake City, UT) and controlled by a stimulus generator 

(Master-8, A.M.P.I., Jerusalem, IL). Three min epochs of 20 Hz, 5 ms pulse width light (tonic 

stimulation) or 3 s trains of 20 Hz, 5 ms pulse width light delivered every 10 s (phasic stimulation) 

were used for all mPFC-VTA optogenetics experiments. Three s trains of 50 Hz, 10 ms pulse 10 

width light delivered every 10 s were used for all VTA DA optogenetics experiments. In place 

preference and self-stimulation experiments, mPFC-VTA and VTA DA mice were tested with both 

tonic and phasic stimulation parameters. All experiments used 10 mW light (73.18 mW/mm2 at 

the fiber tip). 

 15 

Behavior 

Tail suspension test. Mice were tethered to a fiber optic for optogenetic stimulation or 

photometry recording, a plastic tube was placed at the base of their tail to prevent climbing, and 

their tail was taped to an accelerometer suspended from a horizontal bar 30 cm from the table. 

Video data was collected at 30 fps using EthoVision software (Noldus, Leesburg, VA). Photometry 20 

TST sessions were run for 10 min, and optogenetics sessions for 21 min, with 3 min stimulation 

epochs interspersed between non-stimulation epochs. Tonic (20 Hz for the entire 3 min epoch) 

or phasic stimulation (3 s bursts of 20 Hz stimulation every 10 s during the 3 min epochs) was 

provided as described above. 

Tail suspension test: tonic stimulation. For tonic stimulation experiments, movement was 25 

calculated from video data using a custom-written MATLAB function. The video was thresholded 

to identify the mouse, and pixels assigned to the mouse were tracked frame-to-frame, giving a 

raw score of the number of pixels moved since the last frame. This data was resampled at 20 Hz, 

z-scored, and normalized to the mean movement value across all eYFP mice. For display 

purposes, stimulation-aligned movement traces were smoothed with a 15 s moving-average filter 30 

(Fig. S1c). Mice were considered to be mobile when > 200 pixels assigned to the mouse changed 

since the prior frame. 

Tail suspension test: phasic stimulation. For phasic stimulation and photometry TST 

experiments, accelerometer data was collected by a data acquisition unit (U6 Pro, LabJack, 

Lakewood, CA) at a 250 Hz sampling rate. Movement from one axis of the accelerometer was 35 

rectified and z-scored, and the average movement for 3 s before, during, and after stimulation 

were averaged across all stimulation and normalized to the mean pre-stimulation value for each 

mouse (Fig. 1f). The mean per subject peri-stimulation movement traces were averaged and 

smoothed with a 50 ms moving average filter for display purposes (Fig. 1d-e). 

Tail suspension test: photometry. As in phasic stimulation experiments, accelerometer 40 

data was collected at 250 Hz. To determine the onset of movement, the signal from one axis of 

the accelerometer was first rectified and smoothed using a 50 ms moving average filter. The 

square root of the rectified and smoothed signal was bimodally distributed in log-space, reflecting 

mobility and immobility. A Gaussian mixture model was used to find a threshold for movement, 
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and time points at which this threshold was crossed were considered movement onsets with the 

added stipulations that movement onsets which occurred within 3 s of one another were 

considered a single movement epoch, and movement epochs less than 1.5 s in duration were 

discarded. For display purposes, stimulation-aligned movement traces were smoothed again with 

a 200 ms moving-average filter (Fig. 1e). 5 

Open field test. Mice were tethered to a fiber optic and placed into the middle of a 50 x 50 

cm acrylic container with 25 cm high walls. Video data was collected at 30 fps using EthoVision 

software (Noldus, Leesburg, VA). Photometry sessions were run for 10 min and optogenetics 

sessions for 15 min, with 3 min stimulation epochs interspersed between non-stimulation epochs. 

Tonic (20 Hz for the entire 3 min epoch) or phasic stimulation (3 s bursts of 20 Hz stimulation 10 

every 10 s during the 3 min epochs) was provided as described above. For photometry 

experiments, movement onsets were defined as velocity > 2 cm/s for a minimum of 2 s, preceded 

by at least 2 s during which velocity was < 2 cm/s. 

Open field with peanut butter test. Mice were given a scoop of peanut butter (Skippy 

creamy, Hormel Foods, Austin, MN) in the homecage each day for 5 d prior to running the 15 

experiment. During the experiment, peanut butter was placed in an aluminum water bottle cap 

which was taped to the floor in one corner of the OFT described above. Video data was collected 

at 30 fps using EthoVision software (Noldus, Leesburg, VA). Sessions were 15 min long, with the 

first 3 min allotted as an acclimation period during which no stimulation was delivered. Following 

this acclimation period, 3 s of 20 Hz stimulation was given as mice crossed into the middle 15 cm2 20 

of the OFT, referred to as the “stimulation zone,” which was considered the beginning of a trial. 

The trial concluded when the mouse entered into the “goal zone,” the 15 cm2 corner of the OFT 

containing the peanut butter, or into an equivalently sized “control zone” in the opposite corner of 

the OFT. If after a minimum of 10 s the mouse re-entered the stimulation zone prior to entering 

either the goal or control zones, stimulation was provided again, initiating a new trial. All three of 25 

these zones were defined in the EthoVision software and not visible to the mouse. 

Poke-reward task. Prior to beginning training on the poke-reward task, mice were water-

restricted until they reached 80% of their pre-restriction body weight. Mice were maintained at 80-

85% of their initial body weight throughout the poke-reward experiments. After restriction, mice 

were tethered to a fiber optic and placed in a 20 x 22 cm operant chamber (ENV-307W-CT, Med 30 

Associates, St. Albans, VT) housed in a sound-attenuating box (ENV-022MD) and containing a 

nose-poke (ENV307W-CT) and water spout attached to a lickometer (ENV-250B) on opposite 

walls of the chamber. At the start of each session, a light in the nose-poke was illuminated. Upon 

completion of a successful nose-poke, the nose-poke light was turned off, a soft white noise was 

turned on, and 10 µL water was delivered via a syringe pump (PHM100) to the spout. A nose-35 

poke followed by a lick at the spout was considered a single trial. To facilitate training, the nose-

poke and spout were baited with water on the first two sessions. Mice were free to complete trials 

at their own pace. Sessions were 30 min long and were run daily until mice were able to perform 

90 trials per session on two consecutive sessions, or until a maximum of 15 sessions were run. 

Photometry data from the final training session was used in analyses. Video data was collected 40 

at 30 fps and recorded using FlyCapture software (FLIR Systems, Wilsonville, OR). Photometry 

data was analyzed relative to nose-pokes, licks, and velocity. 

Place preference tests. Mice were tethered to a fiber optic and placed in a 43 x 18 cm 

apparatus (ENV-010MC, Med Associates, St. Albans, VT) separated into two chambers. The 

chambers were contextualized with different wallpaper (black and white diagonal stripes in one 45 
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chamber, black polka dots on a white background in the other chamber) and with different floor 

textures (smooth plastic in one chamber, and a metal grid in the other). At the beginning of each 

20 min session, mice were placed in the middle of the field and allowed to move freely between 

the two chambers. On the first session, no stimulation was given to determine the mouse’s 

baseline side preference. On the next session performed on the following day, stimulation was 5 

given when the mouse was in the chamber for which it showed a smaller baseline preference. 

Stimulation was either given constantly at 20 Hz, or in 3s 50 Hz phasic bursts every 10 s, as 

described above. The third session, performed on the following day, was run in the same manner 

as the first in that no stimulation was provided to test if mice had developed a place preference 

for the chamber in which they were stimulated the day prior. Given the extinction of place 10 

preference with the laser turned off, only the first 5 min of the session were analyzed in the third 

session. Preference for the stimulation-paired chamber, defined as time in the stimulation-paired 

chamber over total time of the session, was calculated for each session. 

Intra-cranial self-stimulation. Mice were tethered to a fiber optic and placed in a 20 x 22 

cm operant chamber (ENV-307W-CT, Med Associates, St. Albans, VT) housed in a sound-15 

attenuating box (ENV-022MD) and containing nose-pokes (ENV307W-CT) on opposite walls of 

the chamber. One nose-poke, chosen at random but kept consistent for each individual mouse 

across sessions, delivered 3 s stimulation when poked. Pokes registered by the system occurring 

< 1.5 s after the previous poke were disregarded, as video indicated these were almost always a 

single insertion into the nose-poke but registered many times in the software due to the mouse’s 20 

small movements within the nose-poke. Only subsequent pokes that were performed after the 3 

s stimulation period delivered another bout of stimulation. To entice mice to explore the nose-

pokes, each was baited with crushed sugary cereal (Froot Loops, Kellogg’s, Battle Creek, MI) on 

the first session. Each session was 60 min and mice were run for 3 sessions. The first two 

sessions were run on one day with a 60 min break in between, and the third session was run on 25 

the following day. Video data was collected at 25 fps and analyzed using EthoVision software 

(Noldus, Lessburg, VA). 

 

Histology and confocal microscopy 

Mice were deeply anesthetized with 0.25 mL sodium pentobarbital (Fatal-Plus, 15 mg/mL) 30 

and transcardially perfused with 20 mL of phosphate-buffered saline (PBS), followed by 20 mL of 

4% paraformaldehyde (PFA) solution. Brains were extracted and post-fixed in 4% PFA for 24 h. 

Brains were then washed three times with PBS and transferred to 30% sucrose in PBS solution 

and allowed to equilibrate for at least 24 h. Brains were then mounted on a freezing microtome 

(Jung SM2000R, Leica Biosystems, Buffalo Grove, IL) using Optimal Cutting Temperature 35 

Compound (Tissue-Tek, Sakura Finetek, Torrance, CA) and sectioned into 50 µm coronal 

sections. Sections were washed in 1:50,000 DAPI (Invitrogen/Fisher Scientific, Hampton, NH) for 

15 min and mounted onto slides with polyvinyl alcohol with DABCO (Millipore Sigma, St. Louis, 

MO). Sections were imaged using a confocal microscope (LSM800, Zeiss, White Plains, NY) with 

a 5x and 20x air objective, and visualized with ZEN Blue software (Zeiss, White Plains, NY). 40 

 

Statistics 

All data were analyzed and statistical analyses performed using MATLAB (MathWorks, 

Natick, MA). N-way ANOVA’s were run where appropriate, the Wilcoxon rank-sum test was used 
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for between-subjects analyses, and the Wilcoxon sign-rank test was used for within-subjects 

analyses. The Cox proportional hazard regression was used to compare latency of control and 

goal zone entries in the open field with peanut butter assay. Effects with a p-value less than 0.05 

were considered significant, and all error bars represent stand error of the mean.  
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Figure 1. mPFC-VTA stimulation initiates movement in the tail suspension and open field 

tests. 

(A) CaMKIIα-ChR2 was injected in the mPFC and a fiber optic implanted over the VTA to stimulate mPFC-

VTA axons. 5 
(B) ChR2-eYFP expression in mPFC cell bodies (left) and mPFC axons in the VTA with a fiber tract over 

the medial VTA (right). 

(C) TST schematic and stimulation parameters. 

(D) TST optogenetics example. 

(E) Mean movement aligned to laser onset, normalized to the first 1s mean, averaged across all ChR2 (n 10 
= 7) and eYFP (n = 7) mice. 

(F) Mean movement for 3s during and after stimulation for all mice, normalized to mean movement in the 

3s preceding stimulation. 

(G) OFT schematic and stimulation parameters. 

(H) OFT optogenetics example. 15 
(I) Mean locomotion aligned to laser onset, averaged across all ChR2 (n = 7) and eYFP (n = 7) mice. 

Baseline movement was greater in ChR2 mice during 3 min stimulation epochs, but not no-stimulation 

epochs. 

(J) Mean movement for 3s before, during, and after stimulation for all mice. Blue rectangles represent 

stimulation. 20 
Shading represents SEM. * p<0.05, ** p<0.01, Wilcoxon rank-sum test.  
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Figure 2. mPFC-VTA population Ca2+ activity encodes movement initiation in goal-directed, 

but not undirected behavior. 

(A) A fiber optic was implanted over the mPFC to record from GCaMP6s-expressing mPFC-VTA neurons. 

(B) Fiber implant and GCaMP6s expression in the mPFC following injection of AAVretro-EF1a-GCaMP6s 5 
in the VTA. 

(C) TST schematic. 

(D) TST photometry example. 

(E) Mean dF/F aligned to TST movement onset for all GCaMP (n = 8) and GFP (n=3) mice. 

(F) Mean dF/F before and after movement onset in the TST for all mice. 10 
(G) OFT schematic. 

(H) OFT photometry example. 

(I) Mean dF/F aligned to OFT locomotion onset for all GCaMP (n = 10) and GFP (n = 3) mice. 

(J) Mean dF/F before and after locomotion onset in the OFT for all mice. 

Shading represents SEM. ** p<0.01, Wilcoxon sign-rank test. Cg, cingulate cortex; PL, prelimbic cortex; IL, 15 
infralimbic cortex; DP, dorsal peduncular nucleus 
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Figure 3. mPFC-VTA population Ca2+ activity encodes the initiation of a goal-directed 

sequence, but not reward or undirected movement. 

(A) Schematic and trial structure for poke-reward. 

(B) Poke-reward photometry example. 5 
(C-E) Mean velocity and dF/F for GCaMP (n = 10) and GFP (n = 3) mice aligned to the final lick of lick bouts 

(C), pokes that deliver reward (D), and the first lick of lick bouts (E). 

(F-H) Mean dF/F activity for 1-s before and after the final lick of lick bouts (F), pokes that deliver reward 

(G), and the first lick of lick bouts (H) for all mice. 

Shading represents SEM. ** p<0.01, Wilcoxon sign-rank test. 10 
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Figure 4. mPFC-VTA stimulation promotes movement toward an appetitive goal. 

(A) Schematic for peanut butter approach task, with stimulation parameters. 

(B) Example trajectories 6 s straddling stimulation onset in ChR2 mice, in trials in which mice re-oriented 

themselves toward the goal (top) and trials in which they maintained their initial trajectory (bottom). Each 5 
separately colored line in each panel represents a separate trial, with the 6 s trajectory’s start indicated by 

the orthogonal hash and end indicated by the arrowhead. 

(C) Cumulative probability of trial termination by entrance into the goal or control zones for ChR2 (n = 145 

trials, 8 mice) and eYFP (n = 61 trials, 5 mice) mice. 

* p<0.05 for goal zone entry probability, Cox proportional hazard regression. 10 
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Figure 5. Unlike VTA DA stimulation, mPFC-VTA stimulation only weakly evokes place 

preference. 

(A) Place preference schematic and session parameters. 

(B) DIO-ChR2 was injected in the VTA, and a fiber implanted over the medial VTA of DAT-Cre mice to 5 
stimulate DA cell bodies. 

(C) eYFP expression in the VTA and a fiber implanted over the medial VTA. 

(D) Place preference across baseline, real-time place preference, and post-test sessions for mPFC-VTA 

ChR2 (n = 7) and eYFP (n = 6) mice stimulated at 20 Hz. 

(E) Place preference across baseline, real-time place preference, and post-test sessions for VTA DA ChR2 10 
(n = 8) and eYFP (n = 4) mice stimulated at 50 Hz. 

* p<0.05, *** p<0.001, Wilcoxon signed-rank test for between-subjects analyses, Wilcoxon rank-sum test 

for between-subjects analyses. VTA, ventral tegmental area; SN, substantia nigra, IP, interpeduncular 

nucleus 

  15 
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Figure 6. mPFC-VTA self-stimulation is less reinforcing than VTADA self-stimulation, but 

causes mice to switch between goals. 

(A) Intra-cranial self-stimulation schematic and session parameters. 

(B-C) Example ICSS sessions for a mPFC-VTA ChR2 mouse stimulated at 20 Hz (B) and a VTA DA ChR2 5 
mouse stimulated at 50 Hz (C). 
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(D-E) Mean active and inactive pokes across three sessions for mPFC-VTA ChR2 (n = 4) and eYFP (n = 

4) mice stimulated at 20 Hz (D) and VTA DA ChR2 (n = 7) and eYFP (n = 4) mice stimulated at 50 Hz (E). 

(F-G) Trajectories after active pokes for a mouse self-stimulating mPFC-VTA at 20 Hz (F) and a mouse 

self-stimulating VTA DA at 50 Hz (G), separated by interval until the subsequent poke (IPI). Blue trajectories 

end in a subsequent active poke, and red trajectories end in an inactive poke. Blue and red shading 5 
represent the areas adjacent to the active and inactive pokes, respectively. 

(H-I) Probability that an active poke follows an active poke (H) and an inactive poke follows an inactive poke 

(I) across inter-poke intervals for mPFC-VTA ChR2 mice stimulated at 20 Hz and VTA DA ChR2 mice 

stimulated at 50 Hz. 

Shading and error bars represent SEM. * p<0.05, ** p<0.01, *** p<0.001, Wilcoxon signed-rank for between-10 
subjects analyses, Wilcoxon rank-sum test for between-subjects analyses. 

 

 

 

  15 
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Figure S1. Sustained mPFC-VTA stimulation drives sustained movement. 

(A) TST schematic and stimulation parameters. 

(B) TST optogenetics example. 

(C) Mean movement aligned to laser onset, averaged across all ChR2 (n = 11) and eYFP (n = 10) mice. 5 
(D) Mean time mobile per 3-min epoch for all mice. 

(E) OFT schematic and stimulation parameters. 

(F) OFT optogenetics example. 

(G) Mean locomotion aligned to laser onset, averaged across all ChR2 (n = 12) and eYFP (n = 10) mice. 

(H) Mean distance traveled per 3-min epoch for all mice. 10 
Blue rectangles represent stimulation. Shading and error bars represent SEM. ** p<0.01, *** p<0.001, 

Wilcoxon rank-sum test. 
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Figure S2. mPFC-VTA stimulation drives movement across contexts. 

(A-C) Schematics for aversive open field (A), appetitive open field (B), and homecage (C). 

(D) Mean distanced traveled per 3-min epoch in the aversive open field for ChR2 (n = 7) and eYFP (n = 6) 

mice. 5 
(E) Mean distance traveled per 3-min epoch in the appetitive open field for ChR2 (n = 7) and eYFP (n = 6) 

mice. 

(F) Mean distance traveled per 3-min epoch in the homecage for ChR2 (n = 7) and eYFP (n = 5) mice. 

Blue rectangles represent stimulation. Error bars represent SEM. * p<0.05, ** p<0.01, Wilcoxon rank-sum 

test. 10 

 

 

Figure S3. mPFC-VTA population Ca2+ activity does not encode undirected movement in 

an operant-reward task. 

(A) Poke-reward schematic indicating non-task-relevant movements. 15 
(B) Mean velocity and dF/F aligned to movement initiation for GCaMP (n = 6) and GFP (n = 3) mice. 

(C) Mean dF/F activity for 1-s before and after movement initiation for all mice. 

Shading represents SEM. 

 

  20 
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 5 

 

 

Figure S4. Trial duration and performance in open field with peanut butter assay. 

(A) Mean trial duration, regardless of trial outcome, for ChR2 (n = 8) and eYFP (n = 5) mice. 

(B) Mean number of self-initiated trials for ChR2 (n = 8) and eYFP (n = 5) mice. 10 
Error bars represent SEM. All effects non-significant, Wilcoxon rank-sum test. 

 

 

Figure S5. Alternate stimulation parameters for place preference. 

(A) Place preference across baseline, real-time place preference, and post-test sessions for mPFC-VTA 15 
ChR2 (n = 7) and eYFP (n = 4) mice stimulated at 50 Hz. 

(B) Place preference across baseline, real-time place preference, and post-test sessions for VTA DA ChR2 

(n = 8) and eYFP (n = 4) mice stimulated at 20 Hz. 

*** p<0.001, Wilcoxon signed-rank test. 

 20 
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Figure S6. Alternate stimulation parameters and additional analyses for intra-cranial self-

stimulation. 

(A-B) Mean active and inactive pokes across three sessions for mPFC-VTA ChR2 (n = 3) and eYFP (n = 

3) mice stimulated at 50 Hz (A) and VTA DA ChR2 (n = 8) and eYFP (n = 4) mice stimulated at 20 Hz (B). 5 
(C) Normalized distribution of inter-poke intervals for VTA DA ChR2 mice (n = 8) stimulated at 50 Hz and 

mPFC-VTA ChR2 mice (n = 4) stimulated at 20 Hz. 

(D-E) Trajectories after active pokes for an individual eYFP mouse self-sham-stimulating mPFC-VTA at 20 

Hz (D) and an individual eYFP mouse self-sham-stimulating VTA DA at 50 Hz (E), separated by interval 

until the subsequent poke (IPI). Blue trajectories end in a subsequent active poke, and red trajectories end 10 
in an inactive poke. Blue and red shading represent the areas adjacent to the active and inactive pokes, 

respectively. 

Error bars represent SEM. * p<0.05, ** p<0.01, Wilcoxon rank-sum test for between subjects analyses. 
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Figure S7. A network hypothesis for goal-directed behavior. 

A schematic for a hypothesis of the implementation of goal-directed behavior in the medial prefrontal cortex 

(mPFC)-ventral tegmental area (VTA)-ventral striatum (vStr) network. Upon the initiation of movement, 

glutamatergic activity in the mPFC indirectly suppresses VTA dopamine (DA) activity by driving VTA GABA 5 
neurons. This transient decrease in DA transmission to the vStr turns off the excitatory drive onto D1-

expressing medium spiny neurons (D1-MSNs), suppressing their representation of goals. Concurrently, 

mPFC activity suppresses D1-MSNs by driving neighboring D2-MSNs, which in turn directly inhibit D1-

MSNs. Following movement initiation, D1-MSN goal-representation ensembles reset, a new winner 

emerges, and stabilization of the representation of this goal is achieved through increasing excitatory DA 10 
transmission onto D1-MSN ensembles. Axons terminating in a triangle represent excitatory synapses, and 

those terminating in a bar represent inhibitory synapses. 


