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Summary 

Both phasic and tonic modes of neurotransmission are implicated in critical functions assigned 

to dopamine. In learning, for example, sub-second phasic responses of ventral tegmental area 

(VTA) dopamine neurons to salient events serve as teaching signals, but learning is also 

interrupted by dopamine antagonists administered minutes after training. Our findings bridge the 

multiple timescales of dopamine neurotransmission by demonstrating that burst stimulation of 

VTA dopamine neurons produces a prolonged post-burst increase (> 20 min) of extracellular 

dopamine in nucleus accumbens and prefrontal cortex. This elevation is not due to spillover 

from the stimulation surge but depends on impulse flow-mediated dopamine release. We 

identified Rho-mediated internalization of dopamine transporter as a mechanism responsible for 

prolonged availability of actively released dopamine. These results demonstrate that phasic and 

tonic dopamine neurotransmission can be a continuum and may explain why both modes of 

signaling are critical for motivational and cognitive functions associated with dopamine.  
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Introduction 

Dopamine neurons project extensively to striatal and cortical regions where they mediate a 

diverse array of functions, including reward-related learning, drug-related synaptic plasticity, 

working memory and motivation 1-6. Dopamine neurons respond with brief and phasic bursts of 

action potentials to salient events, such as reward-predictive stimuli and unexpected reward 

delivery 7,8, and these bursts cause phasic dopamine release in terminal regions, including the 

prefrontal cortex (PFC) and the nucleus accumbens (NAc) 9-12. Influential theories suggest these 

phasic responses serve as teaching signals in reinforcement learning 7,13,14 and/or motivational 

signals that mediate cue-triggered seeking of rewards 1,4. 

 
While fast-scan cyclic voltammetry (FSCV) studies have characterized rapid and transient 

increases in extracellular dopamine concentration, consistent with phasic bursting of dopamine 

neurons, in response to salient events in a behavioral task 15-18, microdialysis studies have 

demonstrated sustained increases in cortical and striatal extracellular dopamine that persist for 

many minutes (even up to an hour) after the completion of appetitive learning, instrumental 

behavior and other cognitive tasks 19-23. The prolonged post-session dopamine increase occurs 

despite the fact that animals are no longer receiving rewards and/or being presented with salient 

stimuli. Importantly, dopamine antagonists administered either systemically or directly into PFC 

and striatum minutes after behavioral training can disrupt memory consolidation, demonstrating 

the necessity of post-training dopamine signaling 24-26. This slower mode of dopamine signaling 

has been attributed to the so-called “tonic” dopamine release, which is hypothesized to be 

mediated by mechanisms that are entirely distinct from those that drive phasic activity of 

dopamine neurons and release 27-29. But given that learning and most behavioral functions 

assigned to dopamine depend on both fast and slow modes of neurotransmission, we 

hypothesized that these phasic and tonic dopamine states might instead comprise a continuum 

of the same activation process in an awake and active animal. In that case, phasic activation of 
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dopamine neurons could trigger secondary events that enhance the slow (tonic) activation of 

dopamine levels. Thus, we designed experiments to determine whether bursting of dopamine 

neurons results in post-burst sustained elevation of extracellular levels of dopamine in terminal 

regions and, if so, what mechanisms sustain this elevation.  

 
Dopamine’s effects on reward-related learning, motivation and cognitive constructs such as 

attention and working memory are primarily mediated by dopamine neurons in ventral tegmental 

area (VTA) and their projections to the NAc and PFC 2,6,30-32. Thus, we assessed extracellular 

dopamine levels in these two terminal regions before and after activation of VTA neurons. We 

found that electrical and optogenetic stimulation of VTA neurons, using patterns of activation 

that resemble the phasic bursting activity of dopamine neurons during reward-guided behavioral 

tasks, results in increased extracellular levels of dopamine in the NAc and PFC that persist for 

many minutes after stimulation is terminated. This sustained post-stimulus elevation of 

dopamine is blocked by tetrodotoxin (TTX), suggesting that it is not due to dopamine spillover 

from the initial stimulation; rather, it results from reduced dopamine transporter (DAT)-mediated 

clearance of dopamine released spontaneously during the post-stimulation period. 

 

Results  

Electrical stimulation of VTA produces sustained dopamine release in NAc and PFC 

Microdialysis was used to measure the extracellular concentration of dopamine ([DA]o) in NAc 

and medial prefrontal cortex (mPFC) of freely moving rats during the active phase of their sleep-

wake cycle in a home-cage environment. Microdialysis has a limit of detection in the femtomolar 

range 33, which is 2-3 orders of magnitude better than the detection limit of FSCV 34. The 

improved limit of detection afforded by microdialysis permits measurement of resting baseline 

[DA]o in behaving animals, including in regions with sparse dopamine innervation such as PFC 
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20. We were, therefore, able to detect resting [DA]o in NAc and mPFC before stimulation of VTA 

neurons and follow [DA]o until its return to a stable pre-stimulation level.  

 
VTA was electrically stimulated after stable [DA]o was measured in NAc and mPFC. The 

electrical stimulation protocol (1 ms pulses delivered at 100 Hz for 200 ms, with an interburst 

interval of 500 ms) mimicked the bursting firing pattern observed in VTA dopamine neurons 

when rats are engaged in relevant behaviors. For example, in response to reward during a 

reward-guided operant task, VTA dopamine neurons (identified based on response to 

apomorphine) fire on average 1.1 bursts per second (interburst interval =~ 900 ms) with a 

typical intraburst frequency of ~30 Hz, but they can fire as fast as 100 Hz and higher 35. Hence, 

our protocol utilized interburst and intraburst frequencies that are within the range of reported 

frequencies. Furthermore, a similar 100 Hz stimulation protocol has been shown to evoke 

phasic (measured with FSCV) dopamine release in PFC with similar temporal dynamics and 

greater maximum dopamine concentration compared to a 20 Hz stimulation protocol 12, 

suggesting that the 100 Hz stimulation protocol is physiologically relevant. The stimulation 

duration was 5 to 20 min to model the typical duration of reward-driven behavioral paradigms 

20,22. We found that electrical stimulation of VTA increased [DA]o in NAc and mPFC, and these 

elevations were sustained from several minutes to more than an hour post stimulation (Fig. 1, 2, 

and Supplementary Fig. 1, 2). A second stimulation given 140 min later produced a similar 

pattern of [DA]o increase (Fig. 1, 2), suggesting that the initial stimulation had not provoked a 

pathological condition, such as sustained depolarization block of dopamine neurons 36. In 

addition, the magnitude and duration of dopamine response in both regions were similar to 

previously reported microdialysis measures in animals performing a reward-guided reversal 

learning task 20. These observations indicate that the pattern of stimulation used here is relevant 

to dopamine cell firing and dopamine release during reward-directed learning and cognitive 
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behaviors. For subsequent studies, we focused on characterizing the impact of 20 min VTA 

stimulation on [DA]o. 

 
Optogenetic stimulation of VTA dopamine neurons produces sustained dopamine 

release in NAc  

In addition to dopamine neurons, VTA contains a significant portion of GABA neurons 37, which 

could have been activated by VTA electrical stimulation. While it is unlikely that co-activation of 

GABA neurons in the VTA produces terminal release of dopamine, we nonetheless compared 

dopamine responses in NAc during and after electrical stimulation of VTA neurons to dopamine 

responses in NAc during and after selective optogenetic stimulation of VTA dopamine neurons 

in a tyrosine hydroxylase (Th)::Cre rat line 38. Using recombinant adeno-associated viral vectors, 

we expressed Cre-inducible channelrhodopsin-2 (ChR2) proteins in VTA of Th::Cre rats. To 

stimulate VTA dopamine neurons, we delivered blue laser (~473 nm) into VTA using one of two 

protocols: a) 1 ms pulses delivered at 100 Hz for 200 ms, with an interburst interval of 500 ms, 

for 20 min (identical to the electrical stimulation protocol) or b) 5 ms pulses delivered at 20 Hz 

for 5 s, with an interburst interval of 10 s, for 20 min. Similar to electrical stimulation of VTA, 

optogenetic stimulation of VTA dopamine neurons elicited prolonged increases in [DA]o in NAc 

that persisted, on average, for 20 min after the cessation of stimulation (Fig. 3 and 

Supplementary Fig. 3).  

 
Post-stimulation sustained [DA]o increase in NAc and PFC depends on active release 

Next, we assessed whether the observed sustained elevation of post-stimulation [DA]o in mPFC 

and NAc resulted from continued active release of dopamine or simply reflected remaining 

dopamine that was “leftover” after the large burst-induced release. Previous studies have shown 

that stimulation of dopamine neurons in a burst pattern produces greater release of dopamine 

than tonic stimulation, even when the number of impulses per second and the total number of 

impulses are held constant 39,40. Thus, burst firing of dopamine neurons can simply produce a 
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large surge of [DA]o that clears away slowly. We found that blockade of voltage gated sodium 

channels via local application of TTX to either NAc or mPFC immediately after VTA stimulation 

drastically reduced [DA]o (Fig. 4 and Supplementary Fig. 4). In fact, [DA]o in NAc after TTX 

application approached the lower limit of detection in post-stimulation samples (mean of sample 

6: 20 ± 7% and sample 7: 16 ± 7%) whereas stimulation in the absence of TTX continued to 

produce significant elevations in [DA]o (mean of sample 6: 143 ± 8% and sample 7: 123 ± 7%). 

Similarly, in PFC, mean [DA]o after TTX treatment fell to 19 ± 5% of baseline by post-stimulation 

sample 6 while stimulation alone still elicited a significant [DA]o increase at that time point 

(mean: 143 ± 15%). While some of the reduction in post-TTX [DA]o can be explained by TTX’s 

effect on background (baseline) extracellular dopamine, the fact that extracellular NAc and PFC 

dopamine levels dropped close to the detection limit suggests that TTX also prevented most of 

the sustained increase in [DA]o elicited by VTA stimulation. These results indicate that the 

sustained post-burst elevation of [DA]o may be supported by active (impulse-flow-dependent) 

exocytotic release of dopamine.  

 
Blockade of cannabinoid and nicotinic receptor activity does not impact post-stimulation 

increase in NAc [DA]o 

The outcome of the TTX experiment suggested that the burst-induced increase in [DA]o triggers 

secondary events that enhance active exocytotic dopamine release and/or reduce the clearance 

of dopamine actively released in the post-stimulation period. In the striatum, several secondary 

mechanisms that locally regulate release of dopamine have been identified 41,42. For example, 

an increase in synaptic dopamine release and subsequent dopamine receptor stimulation 

mobilizes the release of endocannabinoids 43 that could activate type-1 cannabinoid receptors 

(CB1Rs) on GABA or other neurons that may modulate dopamine release 41. We found that 

inhibition of CB1R activity via systemic injection of rimonabant did not change spontaneous 
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dopamine levels or the pattern of stimulation-induced increase in [DA]o in NAc (Supplementary 

Fig. 5). 

 
Another potential mechanism is secondary activation of cholinergic neurons and subsequent 

stimulation of presynaptic nicotinic acetylcholine receptors (nAChRs) on dopamine axons, 

evoking dopamine release that is independent of dopamine somal activity 44,45. To test this, the 

effect of local inhibition of nAChRs by mecamylamine on NAc [DA]o was examined. The results 

(Supplementary Fig. 6a,b) of the experiment did not provide support for this mechanism. 

Mecamylamine treatment in combination with VTA stimulation also elicited a large variability in 

post-stimulation samples, which could be due to the impact of mecamylamine treatment on 

basal [DA]o (Supplementary Fig. 6c,d). 

 
Sustained increase in [DA]o post-stimulation results from reduced DAT-mediated 

clearance of dopamine 

Next, we considered mechanisms that are involved in the clearance of dopamine from the 

extracellular space. Previously, it has been shown that amphetamine, which acts as a substrate 

of DAT and causes a large surge of extracellular dopamine, induces transient internalization of 

DATs 46. Although microscopy studies have not been able to confirm this internalization 47, other 

recent work indicates that the process is mediated, in part, by activation of Rho-GTPases, since 

selective inhibition of Rho or stimulation of protein kinase A (PKA)-coupled receptors such as 

D1/5 dopamine receptors prevents amphetamine-induced DAT internalization 48. We 

hypothesized that a surge in synaptic dopamine release caused by burst activation of cell 

bodies also results in DAT internalization. Such a mechanism would then lead to an increase in 

[DA]o even after cessation of burst activation of dopamine neurons by reducing the rate of 

clearance of newly released dopamine. We found that dopamine at a high concentration (10 

μM) decreased cell surface expression of DATs in rat midbrain slices (Fig. 5a). The same 

concentration of dopamine increased the amount of activated Rho GTPase in midbrain slices 
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(Fig. 5b). We then tested the effects of inactivating Rho on dopamine-mediated DAT 

internalization. To inactivate Rho, we stimulated D1/5 receptors in midbrain slices with SKF 

38393. D1/5 receptors are G-protein coupled receptors (GPCRs) present on dopamine neurons, 

and stimulation of these GPCRs increases adenylyl cyclase activity and cyclic adenosine 

monophosphate production, which activates PKA 49. Activated PKA phosphorylates and thus 

inactivates Rho 50. We found that SKF 38393 blocked dopamine’s effects on Rho-activation and 

DAT internalization (Fig. 5a,b).  

 

To establish the relevance of a Rho-mediated DAT internalization mechanism in freely moving 

animals, we injected rats with SKF 38393 (3 mg/kg, i.p.) prior to VTA electrical stimulation. This 

treatment prevented any VTA stimulation-induced increase in [DA]o in NAc (Fig. 6a). As this 

effect could result from the activation of D1/5 receptors elsewhere in the brain upon systemic 

injection of SKF 38393, we conducted a separate experiment where we infused SKF 38393 in 

NAc to assess the effect of local D1/5 receptor blockade on VTA stimulation-elicited increase in 

NAc [DA]o. We found that local SKF 38393 infusion also attenuated sustained increases in 

dopamine levels in post stimulation samples (Fig. 6b). Hence, our data suggest that blockade of 

DAT internalization by SKF 38393 interrupts a sustained post-stimulation increase in [DA]o. We 

found that SKF38393 treatment alone (i.p. and local infusion in NAc) also decreased [DA]o in 

NAc (Supplementary Fig. 7). However, there was no difference in [DA]o between SKF only and 

SKF + stimulation conditions in post-stimulation samples, suggesting that SKF 38393 prevented 

stimulation-induced sustained increases in [DA]o over a new drug-induced [DA]o baseline. 

Further, these results indicate that SKF 38393 might reduce DAT internalization in both baseline 

and stimulation conditions in freely moving animals.  
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Discussion 

We found that phasic burst activity of VTA dopamine neurons in awake rats in a home-cage 

environment is followed by a sustained post-burst elevation of [DA]o in both NAc and PFC 

terminal regions that persisted for at least 20 min. This increase is not due to dopamine spillover 

from the initial stimulation but depends on continued active release of dopamine in terminal 

regions. We identified Rho-mediated internalization of DATs as a potential mechanism 

responsible for increased post-burst availability of actively released dopamine, based on 

evidence that experimental blockade of Rho activation prevented both DAT internalization and 

the sustained post-stimulation elevation of [DA]o in NAc. These results suggest that phasic 

surges of dopamine release produced by bursting of dopamine neurons result in DAT 

internalization that reduces the clearance of actively released dopamine in the post-burst period, 

causing a sustained post-burst elevation of tonic [DA]o.  

 
Sustained post-burst increase in [DA]o is consistent with behavioral evidence and volume 

transmission 

The sustained increase in [DA]o after periods of burst activity is functionally significant, because 

dopamine perisynaptic architecture in cortical and striatal regions is well suited to accommodate 

a slow and spatially distributed signal via volume transmission 41,51. A considerable density of 

dopamine receptors, both in the PFC and striatum, is localized extrasynaptically 52-54, and more 

than half of dopamine release sites in the striatum are reported to lack post-synaptic 

specializations 55. Hence, dopamine that slowly accumulates in the extracellular space on the 

order of minutes to hours could modulate the activity of many pre- and post-synaptic sites within 

a large area in the striatum and the PFC via volume transmission 27. This sustained and diffuse 

dopamine signal might maintain and stabilize/consolidate networks activated during learning 

and working memory 56. In addition, persistent dopamine signaling could lower the threshold for 
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long term potentiation in all synapses for a certain period of time, allowing for adaptive 

modulation of memory encoding 57. 

 
The mechanisms identified here might be especially critical for explaining dopamine’s role in 

memory consolidation during reinforcement-guided learning. Previous microdialysis studies in 

animals performing reward-driven learning or working memory tasks have demonstrated that 

[DA]o in PFC and striatal regions remains elevated for many minutes after completion of the 

training phase 19-21. In fact, the duration and magnitude of the post-training increase in [DA]o in 

these studies were similar to what we observed in the present study after electrical or 

optogenetic burst stimulation of dopamine neurons. The importance of this post-training 

dopamine signaling has been recognized 24-26,58, but the underlying mechanisms are unknown. 

Dopamine neurons fire phasically in response to salient stimuli during a behavioral task, but 

these phasic increases in activity return to baseline levels after hundreds of milliseconds 7,8,59-62. 

This raises the question of how elevated dopamine levels can be sustained post-training, when 

dopamine neurons are presumably firing at baseline levels. Our data obtained under electrical 

and optogenetic stimulation conditions suggest that repetitive, stimuli-evoked bursting of 

dopamine neurons during behavioral training may produce changes in DAT internalization 

processes, resulting in an extracellular accumulation of spontaneously released dopamine post-

training. This finding also reconciles rapid dopaminergic transmission during learning with slow 

and sustained dopamine response after learning.  

 
Prolonged dopamine responses have also been implicated in sustained motivation 4,63-66. For 

example, sustained increases in extracellular dopamine that continue after the end of behavior 

are observed in the striatum when rats lever press for food or lick a spout for sucrose solution, 

and these prolonged dopamine elevations are modulated by shifts in motivational state 23,66,67. 

Furthermore, a computational model has indicated that a slow increase in striatal dopamine 

levels that might carry an averaged reward signal during a behavioral task predicts motivational 
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state 68. Hence, sustained increases in [DA]o, as observed in the current study, might be critical 

for plasticity mechanisms that include memory consolidation and adaptive learning as well as 

persistent functions such as working memory and motivation.  

 
Proposed mechanism of sustained dopamine release following burst activation  

While phasic and sustained (or tonic) modes of dopamine neurotransmission are often 

hypothesized to be driven by distinct mechanisms and to affect different postsynaptic processes 

and behaviors 27-29,69, the present findings suggest that, in awake and active animals, these two 

modes of signaling may be complementary (Fig. 7). Ongoing activity of dopamine neurons in 

awake animals maintains impulse flow-dependent resting extracellular levels of dopamine in 

terminal regions such as the PFC and NAc (Fig.7a) 70. These levels are regulated by DAT, since 

the local application of DAT inhibitors profoundly enhances [DA]o 
71,72. In response to salient 

events during behavioral tasks, dopamine neurons respond with brief bursts of spikes 7,8,59,60,62 

that generate a large phasic surge of [DA]o 
39,40. Our data indicate that large increases in [DA]o 

may cause DAT internalization via activation of Rho-GTPases. We propose that dopamine 

enters the cell via DATs to initiate this Rho-dependent intracellular signaling cascade (Fig. 7b), 

based on evidence for a similar mechanism of amphetamine-mediated internalization of DATs 

and EAAT3 glutamate transporters on dopamine neurons that requires the entry of 

amphetamine into the cytosol 48,73,74. The mechanism via which intracellular dopamine activates 

Rho is unclear. Candidate mechanisms include influx of calcium and subsequent 

calmodulin/CamkII activation or activation of intracellular GPCRs. These mechanisms have 

been proposed to explain how intracellular amphetamine activates Rho 74. DAT internalization 

has important consequences for the period following burst stimulation, which would be 

analogous to the immediate post-task period in learning and cognitive tasks. In the post-task 

period, dopamine neurons return to their spontaneously firing activation level, which generates a 

low level of synaptic dopamine. However, as a result of DAT internalization, dopamine is 
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cleared at a much slower rate, leading to a sustained accumulation of dopamine in the 

extracellular space (Fig. 7c).  

 
Role of D1/5 receptor activation in dopamine-induced DAT internalization 

Here we demonstrated the role of Rho-activation in dopamine-mediated DAT internalization by 

indirectly inhibiting Rho with D1/5 receptor activation via SKF 38393. Although other 

mechanisms that activate PKA could block Rho-mediated DAT internalization, we utilized this 

experimental approach because D1/5 receptors are physiologically relevant in dopamine-related 

behaviors. For example, mice lacking D5 receptors display a greater locomotor response to 

methamphetamine, a dopamine-activating stimulant, compared to wild-type mice 75, suggesting 

that D5 receptor activation might serve to curb excessive dopamine release and accumulation. 

Hence, we speculate that when there is a burst-induced release of a large amount of dopamine, 

activation of presynaptic D1/5 receptors by extracellular dopamine counteracts, to some extent, 

Rho-activation and DAT internalization mediated by dopamine transported into the cell. In other 

words, in dopamine terminals at baseline conditions, there might be a balance between 

processes that result in DAT internalization and those that interrupt DAT internalization. The 

former could be mediated by intracellular dopamine that activates Rho and the latter by 

extracellular dopamine that activates presynaptic D1/5 receptors. When a large surge of 

dopamine occurs during phasic activation of dopamine neurons, the balance might be shifted 

toward Rho-mediated DAT internalization. On the other hand, when most presynaptic D1/5 

receptors are stimulated after systemic administration of SKF38393, activation of D1/5-coupled 

PKA signaling cascades could outcompete ongoing Rho activation. Consistent with this idea, 

our data indicate that SKF 38393 not only prevents burst-induced increases in [DA]o but also 

decreases baseline [DA]o. Reduction of basal striatal dopamine levels by SKF 38393 has been 

reported by previous studies as well 76,77.  
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Effects of DAT independent mechanisms on [DA]o 

It should be underscored that the DAT-mediated clearance mechanism we have identified here 

may be only one of the mechanisms that contribute to the sustained post-stimulation activation 

of [DA]o. Additional mechanisms may include activation of feedback loops, such as activation of 

NAc medium spiny neurons that inhibit GABA neurons in VTA, resulting in the disinhibition of 

VTA dopamine neurons 78, and/or local signaling via non-dopamine receptors, including 

glutamate, GABA and nicotinic acetylcholine receptors 41,42,44,45. Although we examined the roles 

of CB1R activation and nAChR stimulation in regulating burst-induced activation of dopamine 

release and found no significant effects, we do not discount the potential involvement of other 

mechanisms in influencing post-burst dopamine accumulation.  

 
Concluding remarks  

The present findings indicate that a critical function of burst activity of dopamine neurons may 

be to produce a persistent elevation of extracellular dopamine levels via an intracellular 

mechanism that promotes DAT internalization. The prolonged post-stimulation increase in 

dopamine levels may be essential for consolidation of memories during associative learning, 

maintenance of active networks in working memory, and sustenance of motivational states. 

Hence, identification of a mechanism that supports this sustained increase in extracellular 

dopamine has important implications for understanding learning and memory processes in the 

brain and also may provide insight into dysfunction of dopamine systems in disorders such as 

addiction and schizophrenia.   
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Experimental Procedures 

Animals 

Male Sprague-Dawley rats were used for electrical stimulation experiments while optical 

stimulation experiments utilized male Long-Evans Th::Cre rats (gifted by Dr. Karl Deisseroth) 

that express Cre recombinase in TH positive neurons. All rats were housed in a 12 hour reverse 

light/dark cycle with lights on at 7 pm. Experiments were conducted according to the ethical 

guidelines of the Institutional Animal Care and Use Committee at the University of Pittsburgh 

and the Animal Care and Use Committee at the NIH. 

 
Surgery 

All animals were anesthetized with isoflurane during surgical implantation. Rats used in most of 

the electrical stimulation experiments were unilaterally implanted with homemade microdialysis 

probes in the PFC (AP = 3.4 mm from Bregma, ML = 0.7 mm, DV = 5.2 mm from skull, and 

probe membrane length = 3 mm) and NAc (AP = 1.7 mm from Bregma, ML = 1.1 mm, and DV = 

8.4 mm from skull, and probe membrane length = 2−2.5 mm). Bipolar stimulating electrodes 

were also implanted in the VTA (AP = −5.3 mm from Bregma, ML = 0.8 mm, and DV = 8.3 mm 

from skull). Rats in SKF 38393 experiments were unilaterally implanted with guide cannulae 

(CMA Microdialysis) in the NAc (AP = 1.7 mm from Bregma, ML = 1. 8 mm, and DV = 4-5 mm 

from brain surface) and bipolar stimulating electrodes in VTA (AP = −5.4 - 5.5 mm from Bregma, 

ML = 0.7 - 0.8 mm, and DV = 7.3 mm from brain surface or 8.3 mm from skull).  

 
In optical stimulation experiments, Th::Cre rats were unilaterally injected with Cre-inducible 

recombinant AAV viral vector constructs containing the gene encoding ChR2 (AAV-Ef1α-DIO-

ChR2-eYFP, University of North Carolina Vector Core) in four different locations of VTA (AP = 

−4.9 mm and −5.7 mm from Bregma, ML= 0.7 mm, and DV = −7.2 mm and −8.4 mm from brain 

surface). At each site, 1µl of the virus was injected at a rate of 0.1 µL�min−1 using a 

microsyringe (Hamilton Co.) and a pump (World Precision Instruments). Following sufficient 
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time for viral expression (at least 4 weeks), rats were implanted with microdialysis guide 

cannulae (CMA Microdialysis) targeting NAc (AP = 1.7 mm from Bregma, ML = 1.8 mm, DV = 4 

mm from brain surface) and optical fibers (200-μm core diameter, 0.22 NA, Doric Lenses) 

targeting VTA (AP = −5.3 mm from Bregma, ML = 0.7 mm, and DV = 7.5 mm from brain 

surface).   

 
Microdialysis Procedures 

All microdialysis experiments were conducted in freely moving animals. After surgery, animals 

were allowed to recover for at least 24 hours prior to the collection of the dialysate samples. For 

animals implanted with chronic guide cannulae, animals were allowed to recover for at least one 

week before starting experiments, and probes (CMA Microdialysis) of 3 mm membrane length 

were inserted into the cannulae on the day of the experiment. Probes were perfused with 

Ringer's solution (in mM: 37.0 NaCl, 0.7 KCl, 0.25MgCl2, and 3.0 CaCl2) at a flow rate of 2.0 

μL/min during sample collection. Dialysate samples were collected every 20 min and 

immediately injected into an HPLC system for electrochemical detection of dopamine as 

described before 79. After a stable baseline was established, treatment was delivered: VTA 

electrical stimulation alone, VTA optical stimulation alone, VTA electrical stimulation + TTX 

(Sigma, 1 μM), mecamylamine (Sigma, 100 μM) alone, mecamylamine (100 μM) + VTA 

electrical stimulation, rimonabant (NIDA, i.p., 1 mg/kg) alone, rimonabant (i.p., 1mg/kg) + VTA 

electrical stimulation, SKF 38393 (Tocris Bioscience, i.p.,3 mg/kg) alone, SKF 38393 (i.p., 3 

mg/kg) + VTA electrical stimulation, SKF 38393 (Tocris Bioscience, 10 μM) alone, and VTA 

electrical stimulation + SKF 38393 (10 μM). In the VTA electrical stimulation only experiments, 

VTA was electrically stimulated twice for 20 min each. The second stimulation was delivered 

140 min after the end of first stimulation. In the optical stimulation only experiments, VTA 

dopamine neurons were optogenetically stimulated once for 20 min. In the TTX experiments, 

TTX was mixed in Ringer’s solution and perfused directly into PFC or NAc through the 
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microdialysis probes for 60 min after the cessation of VTA electrical stimulation. In the 

mecamylamine experiment, mecamylamine was mixed in Ringer’s solution and perfused into 

NAc through the microdialysis probes for 40 min at the start of VTA electrical stimulation. A 

separate group of rats received perfusions of mecamylamine in the NAc for 40 min but without 

VTA electrical stimulation. In the rimonabant + VTA electrical stimulation experiment, VTA was 

electrically stimulated 20 min after an i.p. injection of rimonabant. A separate group of rats 

received an i.p. injection of rimonabant alone without VTA electrical stimulation.  

 
Two types of SKF 38393 experiments were conducted. In the first experiment, SKF 38393 was 

administered via an i.p. injection either alone or in combination with VTA electrical stimulation 

that started 60 - 80 min after drug injection. In the second experiment, SKF 38393 was mixed in 

Ringer’s solution and perfused directly into NAc through the microdialysis probes. The latter 

experiment was conducted using a counterbalanced within-subjects design, where each rat was 

given at least one session of each treatment (VTA stimulation only, VTA stimulation + SKF 

38393, or SKF 38393 only) with at least one week of washout between sessions. In the 

stimulation only session, VTA electrical stimulation started 3 min prior to the end of a stable 

baseline sample and continued for 20 min. Electrical stimulation was shifted in time compared to 

sample collection in order to remove time lag in the measurement of dopamine response to 

stimulation because of dead volume in the probe and dialysis setup. As we corrected for dead 

volume, the first sample collected after the end of electrical stimulation was considered the 

stimulation sample. In the VTA stimulation + SKF 38393 session, SKF 38393 perfusion started 

10 min into the stimulation sample and continued for 30 min. In the SKF 38393 only session, 

SKF 38393 was perfused for 30 min and VTA stimulation was not delivered.  

 
Stimulation Parameters 

In electrical stimulation experiments, the implanted bipolar electrode was connected to a 

stimulator (Grass Technologies). VTA was then stimulated using parameters that mimic burst 
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firing of dopamine neurons: 1 ms pulses delivered at 100 Hz for 200 ms, with an interburst 

interval of 500 ms. Stimulation was delivered for 5 or 20 min at an amplitude of 6 μA or 60 μA. 

60 μA current was used for all experiments except for stimulation sessions in the second SKF 

38393 (perfusion in NAc) experiment. 60 μA elicited behavioral activation in the former 

experiments (data not shown). In the latter experiment, 6 µA current was sufficient to elicit VTA 

stimulation-induced behavioral activation, and larger currents appeared to be too strong based 

on rats’ behavior (data not shown). Histology showed that stimulation electrode placements in 

these rats were more dorsal in the VTA compared to the previous experiments, which could 

explain the difference in stimulation current threshold that would elicit behavioral responses.     

 
In optical stimulation experiments, a patch cord (Doric Lenses) attached to a 473-nm blue laser 

diode (OEM Laser Systems), which was controlled by a Master-8 stimulator (A.M.P.I), was 

connected to the implanted optical fiber. Blue laser (~473 nm) pulses were delivered using one 

of two burst protocols: a) 20 pulses (pulse width = 1 ms) at 100 Hz for 200 ms, with an interburst 

interval of 500 ms; and b) 100 pulses (pulse width = 5 ms) at 20 Hz for 5 s, with an interburst 

interval of 10 s. Photostimulation was delivered for 20 min with light output between 5 - 7 mW 

(measured with a continuous pulse) at the tip of the optical fiber.  

 
Histology and Immunohistochemistry  

Animals were anesthetized with chloral hydrate (400 mg/kg) and transcardially perfused with 

0.9% saline and either 8% buffered formalin or 4% paraformaldehyde (PFA). Placements of 

microdialysis probes, stimulating electrodes and optical fibers were verified by staining coronal 

brain slices with cresyl-violet. Data from animals with incorrect placements are not included in 

this report. 

 
To verify the expression of ChR2-eYFP in dopamine neurons, brains were fixed in 4% PFA 

overnight at 4°C and then transferred to a 20% sucrose solution for cryoprotection. Brains were 
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frozen and sectioned at 35 µm. VTA coronal slices were then treated with 1% sodium 

borohydride in 0.1 M sodium phosphate buffer, rinsed with the buffer, and incubated in primary 

and secondary antibody solutions that contained 10% Triton-X and normal donkey serum 

dissolved in phosphate buffer. Dopamine cell bodies were labeled with mouse anti-tyrosine 

hydroxylase antibody (1:2000; EMD Millipore, #MAB318) followed by Cy3-tagged donkey anti-

mouse antibody (1:500; Jackson ImmunoResearch). EYFP positive cells were identified using 

chicken anti-EGFP antibody (1:1000; Abcam, # ab13970) followed by Alexa Fluor 488-tagged 

donkey anti-chicken secondary antibody (1:500, Jackson ImmunoResearch). Expression of 

ChR2-eYFP in VTA dopamine neurons was confirmed by using a fluorescence microscope.  

 
Biochemistry of Acute Brain Slices 

One mm midbrain slices were made from adult male Long Evans rats and maintained in artificial 

cerebral spinal fluid (in mM, 126 NaCl, 3.5 KCl, 2 CaCl2, 1.3 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, 

10 D-dextrose, pH 7.4) bubbled with 95% O2 / CO2 5% at 37ºC. Biotinylation assays were 

performed as described previously 74. Briefly, slices were treated for 30 min with the indicated 

drugs (dopamine 10 μM, SKF 38393 100 nM or dopamine and SFK 38393) and then rapidly 

chilled to 4ºC to minimize further trafficking events. Cell surface proteins were biotinylated for 20 

min with the cell-impermeable biotin reagent, sulfo-NHS-SS-biotin (Thermo Fisher Scientific), 

which was then quenched with glycine, 100 mM. The tissue was then lysed in avidin binding 

buffer (in mM, 150 NaCl, 5 EDTA, and 50 Tris, pH 7.5, with 1% Triton X-100 and a protease 

inhibitor). Biotinylated proteins were isolated by NeutrAvidin beads and analyzed by western 

blot. For Rho activation assays, slices were treated with the indicated drugs (dopamine 10 μM, 

SKF 38393 100 nM or dopamine and SFK 38393) for 5 min and rapidly chilled and lysed 

in rhotekin binding buffer (50 mM Tris Cl, pH 7.2, 1% Triton X-100, 500 mM NaCl, 10 mM 

MgCl2). GST conjugated to the Rho binding domain of rhotekin (RBP) was purified from E. 

coli and bound to glutathione-sepharose beads 80,81. Activated Rho proteins were captured in 
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the tissue lysate by incubation with the GST-RBP beads overnight at 4ºC. Active and bound 

Rho was eluted and analyzed by western blot. For both biotinylation and Rho activation assays, 

samples taken before purification were used to assess equal protein loading. All data were 

quantified with Image J.  

 
Data Analysis 

In microdialysis experiments, dopamine concentration (fmol/μL) for each sample was expressed 

as a percentage of average baseline dopamine concentration. Two or three samples 

immediately before a treatment were considered to be baseline samples. If % baseline values 

fluctuated excessively within the same session, data from those sessions were not included. 

  
All statistical analyses were conducted on % baseline values. The effect of a treatment 

(stimulation, drug alone or drug + stimulation) on PFC and NAc dopamine levels was assessed 

using a repeated measures ANOVA with sample bin as the within-subjects factor, and post hoc 

analyses were done with protected Fisher’s LSD tests to compare each sample bin with 

baseline. Two way repeated measures ANOVAs with sample bin as the within-subjects factor 

and treatment condition as the between subjects factor were also conducted to examine the 

difference between stimulation alone and stimulation + drug conditions. Before analyzing TTX + 

stimulation data from NAc only, data were log transformed (Y=log10(X+1)) because of robust 

violations of normality in multiple samples (based on Shapiro-Wilk test and examination of Q-Q 

plots). For comparison, stimulation only data from NAc were also reanalyzed after applying log 

transformations. To assess the difference between drug alone and stimulation + drug 

conditions, independent t-tests were utilized on a small subset of samples. The biochemistry 

data were analyzed using two way repeated measures ANOVAs followed by post-hoc t-tests. 

For all independent t-tests, equality of variances was assumed or not assumed based on the 

results of Levene’s test for equality of variances. All statistical values were rounded to decimal 

places and the null hypothesis was rejected if p ≤ 0.05.  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


21 

 

 
Data Availability 

Any relevant data can be requested from the corresponding author.  

 
Author Contributions 

A.M., A.D., S.L., B.M. and M.R. designed and performed the microdialysis experiments. S.A. 

and S.U. designed and performed the biochemistry experiments. L.R. performed the dual 

immunofluorescence localizations. A.M. and S.L. analyzed the data. B.M. and S.A. provided the 

financial support. S.L. and B.M. wrote the paper.  

 
Acknowledgments 

This work was supported by the National Institutes of Health grant R01 (MH048404) to B.M and 

Intramural Research at the National Institute of Mental Health to S.A.  

 
Additional information  

Supplementary Information accompanies this paper. 

The authors declare no competing conflicts of interest.  

 

 

 

 

 

 

 

 

 

 

 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


22 

 

References  

1 Berridge, K. C. The debate over dopamine's role in reward: the case for incentive 
salience. Psychopharmacology (Berl) 191, 391-431 (2007). 

2 Robbins, T. W. & Arnsten, A. F. The neuropsychopharmacology of fronto-executive 
function: monoaminergic modulation. Annual review of neuroscience 32, 267-287, 
doi:10.1146/annurev.neuro.051508.135535 (2009). 

3 Carter, R. M., Macinnes, J. J., Huettel, S. A. & Adcock, R. A. Activation in the VTA and 
nucleus accumbens increases in anticipation of both gains and losses. Frontiers in 
behavioral neuroscience 3, 21, doi:10.3389/neuro.08.021.2009 (2009). 

4 Salamone, J. D. & Correa, M. The mysterious motivational functions of mesolimbic 
dopamine. Neuron 76, 470-485, doi:10.1016/j.neuron.2012.10.021S0896-
6273(12)00941-5 [pii] (2012). 

5 Kehagia, A. A., Murray, G. K. & Robbins, T. W. Learning and cognitive flexibility: 
frontostriatal function and monoaminergic modulation. Curr Opin Neurobiol 20, 199-204, 
doi:10.1016/j.conb.2010.01.007 (2010). 

6 Baudonnat, M., Huber, A., David, V. & Walton, M. E. Heads for learning, tails for 
memory: reward, reinforcement and a role of dopamine in determining behavioral 
relevance across multiple timescales. Front Neurosci 7, 175, 
doi:10.3389/fnins.2013.00175 (2013). 

7 Schultz, W. Predictive reward signal of dopamine neurons. Journal of Neurophysiology 
80, 1-27 (1998). 

8 Matsumoto, M. & Hikosaka, O. Two types of dopamine neuron distinctly convey positive 
and negative motivational signals. Nature 459, 837-841 (2009). 

9 Williams, G. V. & Millar, J. Concentration-dependent actions of stimulated dopamine 
release on neuronal activity in rat striatum. Neuroscience 39, 1-16 (1990). 

10 Garris, P. A., Ciolkowski, E. L., Pastore, P. & Wightman, R. M. Efflux of dopamine from 
the synaptic cleft in the nucleus accumbens of the rat brain. J Neurosci 14, 6084-6093 
(1994). 

11 Garris, P. A. & Wightman, R. M. Different kinetics govern dopaminergic transmission in 
the amygdala, prefrontal cortex, and striatum: an in vivo voltammetric study. J Neurosci 
14, 442-450 (1994). 

12 Lavin, A. et al. Mesocortical dopamine neurons operate in distinct temporal domains 
using multimodal signaling. J Neurosci 25, 5013-5023, doi:10.1523/jneurosci.0557-
05.2005 (2005). 

13 Montague, P. R., Dayan, P. & Sejnowski, T. J. A framework for mesencephalic 
dopamine systems based on predictive Hebbian learning. J Neurosci 16, 1936-1947 
(1996). 

14 Schultz, W. Updating dopamine reward signals. Curr Opin Neurobiol 23, 229-238, 
doi:10.1016/j.conb.2012.11.012 (2013). 

15 Phillips, P. E., Stuber, G. D., Heien, M. L., Wightman, R. M. & Carelli, R. M. Subsecond 
dopamine release promotes cocaine seeking. Nature 422, 614-618, 
doi:10.1038/nature01476 (2003). 

16 Stuber, G. D., Roitman, M. F., Phillips, P. E., Carelli, R. M. & Wightman, R. M. Rapid 
dopamine signaling in the nucleus accumbens during contingent and noncontingent 
cocaine administration. Neuropsychopharmacology 30, 853-863, 
doi:10.1038/sj.npp.1300619 (2005). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


23 

 

17 Stuber, G. D. et al. Reward-predictive cues enhance excitatory synaptic strength onto 
midbrain dopamine neurons. Science 321, 1690-1692, doi:10.1126/science.1160873 
(2008). 

18 Wanat, M. J., Willuhn, I., Clark, J. J. & Phillips, P. E. Phasic dopamine release in 
appetitive behaviors and drug addiction. Curr Drug Abuse Rev 2, 195-213 (2009). 

19 Phillips, A. G., Ahn, S. & Floresco, S. B. Magnitude of dopamine release in medial 
prefrontal cortex predicts accuracy of memory on a delayed response task. J Neurosci 
24, 547-553 (2004). 

20 Stefani, M. R. & Moghaddam, B. Rule learning and reward contingency are associated 
with dissociable patterns of dopamine activation in the rat prefrontal cortex, nucleus 
accumbens, and dorsal striatum. J Neurosci 26, 8810-8818 (2006). 

21 van der Meulen, J. A. J., Joosten, R. N. J. M. A., de Bruin, J. P. C. & Feenstra, M. G. P. 
Dopamine and Noradrenaline Efflux in the Medial Prefrontal Cortex During Serial 
Reversals and Extinction of Instrumental Goal-Directed Behavior. Cerebral Cortex 17, 
1444-1453, doi:10.1093/cercor/bhl057 (2007). 

22 Cheng, J. J., de Bruin, J. P. & Feenstra, M. G. Dopamine efflux in nucleus accumbens 
shell and core in response to appetitive classical conditioning. Eur J Neurosci 18, 1306-
1314 (2003). 

23 Ostlund, S. B., Wassum, K. M., Murphy, N. P., Balleine, B. W. & Maidment, N. T. 
Extracellular dopamine levels in striatal subregions track shifts in motivation and 
response cost during instrumental conditioning. J Neurosci 31, 200-207, 
doi:10.1523/jneurosci.4759-10.2011 (2011). 

24 Setlow, B. & McGaugh, J. L. Sulpiride infused into the nucleus accumbens posttraining 
impairs memory of spatial water maze training. Behav Neurosci 112, 603-610 (1998). 

25 Dalley, J. W. et al. Time-limited modulation of appetitive Pavlovian memory by D1 and 
NMDA receptors in the nucleus accumbens. Proc Natl Acad Sci U S A 102, 6189-6194, 
doi:10.1073/pnas.0502080102 (2005). 

26 Izquierdo, L. A. et al. A link between role of two prefrontal areas in immediate memory 
and in long-term memory consolidation. Neurobiol Learn Mem 88, 160-166, doi:S1074-
7427(07)00062-7 [pii]10.1016/j.nlm.2007.04.014 (2007). 

27 Grace, A. A., Floresco, S. B., Goto, Y. & Lodge, D. J. Regulation of firing of 
dopaminergic neurons and control of goal-directed behaviors. Trends Neurosci 30, 220-
227 (2007). 

28 Bromberg-Martin, E. S., Matsumoto, M. & Hikosaka, O. Distinct tonic and phasic 
anticipatory activity in lateral habenula and dopamine neurons. Neuron 67, 144-155, 
doi:10.1016/j.neuron.2010.06.016 (2010). 

29 Floresco, S. B., West, A. R., Ash, B., Moore, H. & Grace, A. A. Afferent modulation of 
dopamine neuron firing differentially regulates tonic and phasic dopamine transmission. 
Nat Neurosci 6, 968-973, doi:10.1038/nn1103 (2003). 

30 Wise, R. A. Dopamine, learning and motivation. Nat Rev Neurosci 5, 483-494 (2004). 
31 Ikemoto, S. Dopamine reward circuitry: two projection systems from the ventral midbrain 

to the nucleus accumbens-olfactory tubercle complex. Brain research reviews 56, 27-78, 
doi:10.1016/j.brainresrev.2007.05.004 (2007). 

32 Berger, B., Gaspar, P. & Verney, C. Dopaminergic innervation of the cerebral cortex: 
unexpected differences between rodents and primates. Trends Neurosci 14, 21-27 
(1991). 

33 Moghaddam, B., Roth, R. H. & Bunney, B. S. Characterization of dopamine release in 
the rat medial prefrontal cortex as assessed by in vivo microdialysis: comparison to the 
striatum. Neuroscience 36, 669-676 (1990). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


24 

 

34 Westerink, B. H. C. & Justice, J. B., Jr.  . in Microdialysis in the Neurosciences   (eds 
T.E. Robinson & J.B. Justice, Jr. )  23-43 (Elsevier Science Publishers 1991). 

35 Hyland, B. I., Reynolds, J. N., Hay, J., Perk, C. G. & Miller, R. Firing modes of midbrain 
dopamine cells in the freely moving rat. Neuroscience 114, 475-492, 
doi:S0306452202002671 [pii] (2002). 

36 Grace, A. A. & Bunney, B. S. Induction of depolarization block in midbrain dopamine 
neurons by repeated administration of haloperidol: analysis using in vivo intracellular 
recording. J Pharmacol Exp Ther 238, 1092-1100 (1986). 

37 Nair-Roberts, R. G. et al. Stereological estimates of dopaminergic, GABAergic and 
glutamatergic neurons in the ventral tegmental area, substantia nigra and retrorubral 
field in the rat. Neuroscience 152, 1024-1031 (2008). 

38 Witten, I. B. et al. Recombinase-driver rat lines: tools, techniques, and optogenetic 
application to dopamine-mediated reinforcement. Neuron 72, 721-733, 
doi:10.1016/j.neuron.2011.10.028 (2011). 

39 Gonon, F. G. Nonlinear relationship between impulse flow and dopamine released by rat 
midbrain dopaminergic neurons as studied by in vivo electrochemistry. Neuroscience 24, 
19-28 (1988). 

40 Bean, A. J. & Roth, R. H. Extracellular dopamine and neurotensin in rat prefrontal cortex 
in vivo: effects of median forebrain bundle stimulation frequency, stimulation pattern, and 
dopamine autoreceptors. J Neurosci 11, 2694-2702 (1991). 

41 Rice, M. E., Patel, J. C. & Cragg, S. J. Dopamine release in the basal ganglia. 
Neuroscience 198, 112-137, doi:10.1016/j.neuroscience.2011.08.066 (2011). 

42 Cachope, R. & Cheer, J. F. Local control of striatal dopamine release. Frontiers in 
behavioral neuroscience 8, 188, doi:10.3389/fnbeh.2014.00188 (2014). 

43 Giuffrida, A. et al. Dopamine activation of endogenous cannabinoid signaling in dorsal 
striatum. Nat Neurosci 2, 358-363, doi:10.1038/7268 (1999). 

44 Threlfell, S. & Cragg, S. J. Dopamine signaling in dorsal versus ventral striatum: the 
dynamic role of cholinergic interneurons. Front Syst Neurosci 5, 11, 
doi:10.3389/fnsys.2011.00011 (2011). 

45 Threlfell, S. et al. Striatal dopamine release is triggered by synchronized activity in 
cholinergic interneurons. Neuron 75, 58-64, doi:10.1016/j.neuron.2012.04.038 (2012). 

46 Saunders, C. et al. Amphetamine-induced loss of human dopamine transporter activity: 
an internalization-dependent and cocaine-sensitive mechanism. Proc Natl Acad Sci U S 
A 97, 6850-6855, doi:10.1073/pnas.110035297 (2000). 

47 Block, E. R. et al. Brain Region-Specific Trafficking of the Dopamine Transporter. J 
Neurosci 35, 12845-12858, doi:10.1523/jneurosci.1391-15.2015 (2015). 

48 Wheeler, D. S. et al. Amphetamine activates Rho GTPase signaling to mediate 
dopamine transporter internalization and acute behavioral effects of amphetamine. Proc 
Natl Acad Sci U S A (2015). 

49 Neve, K. A., Seamans, J. K. & Trantham-Davidson, H. Dopamine receptor signaling. J 
Recept Signal Transduct Res 24, 165-205 (2004). 

50 Ellerbroek, S. M., Wennerberg, K. & Burridge, K. Serine phosphorylation negatively 
regulates RhoA in vivo. J Biol Chem 278, 19023-19031, doi:10.1074/jbc.M213066200 
(2003). 

51 Rice, M. E. & Cragg, S. J. Dopamine spillover after quantal release: rethinking dopamine 
transmission in the nigrostriatal pathway. Brain Res Rev 58, 303-313 (2008). 

52 Caille, I., Dumartin, B. & Bloch, B. Ultrastructural localization of D1 dopamine receptor 
immunoreactivity in rat striatonigral neurons and its relation with dopaminergic 
innervation. Brain Res 730, 17-31 (1996). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


25 

 

53 Smiley, J. F., Levey, A. I., Ciliax, B. J. & Goldman-Rakic, P. S. D1 dopamine receptor 
immunoreactivity in human and monkey cerebral cortex:  Predominant and extrasynaptic 
localization in dendritic spines. Neurobiology 91, 5720-5724 (1994). 

54 Lapish, C. C., Kroener, S., Durstewitz, D., Lavin, A. & Seamans, J. K. The ability of the 
mesocortical dopamine system to operate in distinct temporal modes. 
Psychopharmacology (Berl) 191, 609-625, doi:10.1007/s00213-006-0527-8 (2007). 

55 Descarries, L., Watkins, K. C., Garcia, S., Bosler, O. & Doucet, G. Dual character, 
asynaptic and synaptic, of the dopamine innervation in adult rat neostriatum: a 
quantitative autoradiographic and immunocytochemical analysis. J Comp Neurol 375, 
167-186, doi:10.1002/(SICI)1096-9861(19961111)375:2&lt;167::AID-CNE1&gt;3.0.CO;2-
0 (1996). 

56 Durstewitz, D., Seamans, J. K. & Sejnowski, T. J. Dopamine-mediated stabilization of 
delay-period activity in a network model of prefrontal cortex. J Neurophysiol 83, 1733-
1750 (2000). 

57 Shohamy, D. & Adcock, R. A. Dopamine and adaptive memory. Trends Cogn Sci 14, 
464-472, doi:10.1016/j.tics.2010.08.002 (2010). 

58 Packard, M. G. & White, N. M. Memory facilitation produced by dopamine agonists: role 
of receptor subtype and mnemonic requirements. Pharmacol Biochem Behav 33, 511-
518 (1989). 

59 Pan, W. X., Schmidt, R., Wickens, J. R. & Hyland, B. I. Dopamine cells respond to 
predicted events during classical conditioning: evidence for eligibility traces in the 
reward-learning network. J Neurosci 25, 6235-6242, doi:10.1523/jneurosci.1478-05.2005 
(2005). 

60 Roesch, M. R., Calu, D. J. & Schoenbaum, G. Dopamine neurons encode the better 
option in rats deciding between differently delayed or sized rewards. Nat Neurosci 10, 
1615-1624, doi:10.1038/nn2013 (2007). 

61 Schultz, W., Apicella, P. & Ljungberg, T. Responses of monkey dopamine neurons to 
reward and conditioned stimuli during successive steps of learning a delayed response 
task. J Neurosci 13, 900-913 (1993). 

62 Takahashi, Y. K. et al. Expectancy-related changes in firing of dopamine neurons 
depend on orbitofrontal cortex. Nat Neurosci 14, 1590-1597, doi:10.1038/nn.2957 
(2011). 

63 Hauber, W. Dopamine release in the prefrontal cortex and striatum: temporal and 
behavioural aspects. Pharmacopsychiatry 43 Suppl 1, S32-41, doi:10.1055/s-0030-
1248300 (2010). 

64 Braver, T. S. et al. Mechanisms of motivation-cognition interaction: challenges and 
opportunities. Cogn Affect Behav Neurosci 14, 443-472, doi:10.3758/s13415-014-0300-0 
(2014). 

65 Howe, M. W., Tierney, P. L., Sandberg, S. G., Phillips, P. E. & Graybiel, A. M. Prolonged 
dopamine signalling in striatum signals proximity and value of distant rewards. Nature 
500, 575-579, doi:10.1038/nature12475 (2013). 

66 Phillips, A. G., Vacca, G. & Ahn, S. A top-down perspective on dopamine, motivation 
and memory. Pharmacol Biochem Behav 90, 236-249, doi:10.1016/j.pbb.2007.10.014 
(2008). 

67 Genn, R. F., Ahn, S. & Phillips, A. G. Attenuated dopamine efflux in the rat nucleus 
accumbens during successive negative contrast. Behav Neurosci 118, 869-873, 
doi:10.1037/0735-7044.118.4.869 (2004). 

68 Niv, Y., Daw, N. D., Joel, D. & Dayan, P. Tonic dopamine: opportunity costs and the 
control of response vigor. Psychopharmacology (Berl) 191, 507-520, 
doi:10.1007/s00213-006-0502-4 (2007). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


26 

 

69 Cohen, J. D., Braver, T. S. & Brown, J. W. Computational perspectives on dopamine 
function in prefrontal cortex. Curr Opin Neurobiol 12, 223-229 (2002). 

70 Takahata, R. & Moghaddam, B. Glutamatergic regulation of basal and stimulus-activated 
dopamine release in the prefrontal cortex. J Neurochem 71, 1443-1449 (1998). 

71 Adams, B. W., Bradberry, C. W. & Moghaddam, B. NMDA antagonist effects on striatal 
dopamine release: microdialysis studies in awake monkeys. Synapse. 43, 12-18 (2002). 

72 Carboni, E., Imperato, A., Perezzani, L. & Di Chiara, G. Amphetamine, cocaine, 
phencyclidine and nomifensine increase extracellular dopamine concentrations 
preferentially in the nucleus accumbens of freely moving rats. Neuroscience 28, 653-661 
(1989). 

73 Kahlig, K. M. et al. Regulation of dopamine transporter trafficking by intracellular 
amphetamine. Mol Pharmacol 70, 542-548, doi:10.1124/mol.106.023952 (2006). 

74 Underhill, S. M. et al. Amphetamine modulates excitatory neurotransmission through 
endocytosis of the glutamate transporter EAAT3 in dopamine neurons. Neuron 83, 404-
416, doi:10.1016/j.neuron.2014.05.043 (2014). 

75 Hayashizaki, S. et al. Methamphetamine increases locomotion and dopamine 
transporter activity in dopamine d5 receptor-deficient mice. PLoS One 8, e75975, 
doi:10.1371/journal.pone.0075975 (2013). 

76 Imperato, A. & Di Chiara, G. Effects of locally applied D-1 and D-2 receptor agonists and 
antagonists studied with brain dialysis. Eur J Pharmacol 156, 385-393 (1988). 

77 Zetterstrom, T., Sharp, T. & Ungerstedt, U. Effect of dopamine D-1 and D-2 receptor 
selective drugs on dopamine release and metabolism in rat striatum in vivo. Naunyn 
Schmiedebergs Arch Pharmacol 334, 117-124 (1986). 

78 Xia, Y. et al. Nucleus Accumbens Medium Spiny Neurons Target Non-Dopaminergic 
Neurons in the Ventral Tegmental Area. The Journal of Neuroscience 31, 7811-7816, 
doi:10.1523/jneurosci.1504-11.2011 (2011). 

79 Adams, B. & Moghaddam, B. Corticolimbic dopamine neurotransmission is temporally 
dissociated from the cognitive and locomotor effects of phencyclidine. Journal of 
Neuroscience 18, 5545-5554 (1998). 

80 Pellegrin, S. & Mellor, H. Rho GTPase activation assays. Current protocols in cell 
biology / editorial board, Juan S. Bonifacino ... [et al.] Chapter 14, Unit 14.18, 
doi:10.1002/0471143030.cb1408s38 (2008). 

81 Ren, X. D., Kiosses, W. B. & Schwartz, M. A. Regulation of the small GTP-binding 
protein Rho by cell adhesion and the cytoskeleton. The EMBO journal 18, 578-585, 
doi:10.1093/emboj/18.3.578 (1999). 

 
 

 

 

 

 

 

 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


27 

 

Figures 

 

Figure 1. Electrical stimulation of VTA produces sustained dopamine release in NAc. (a) 
Schematic illustrating simultaneous measurement of [DA]o in NAc via a microdialysis probe and 
electrical stimulation of VTA via a stimulation electrode. (b) VTA was stimulated using a protocol 
consisting of bursts of 1 ms pulses delivered at 100 Hz for 200 ms, with an interburst interval of 
500 ms and an amplitude of 60 µA, for 20 min (n = 10 sessions from 10 rats). VTA activation 
produced a sustained increase in [DA]o in NAc [F(15, 135) = 6.13, p = 0.00]. Post hoc 
comparisons revealed a significant difference between baseline (sample 3) and sample 4 (p = 
0.01), sample 5 (p = 0.01), sample 6 (p = 0.00), sample 7 (p = 0.01), and sample 8 (p = 0.03). 
The figure inset illustrates dopamine release following a second delivery of 100 Hz stimulation. 
The second stimulation also significantly increased [DA]o in NAc in samples 13 (p = 0.00) and 
14 (p = 0.01). (c) VTA activation using a stimulus protocol consisting of bursts of 1 ms pulses 
delivered at 100 Hz for 200 ms, with an interburst interval of 500 ms and an amplitude of 60 µA, 
for 5 min (n = 6 sessions from 6 rats) was associated with a sustained increase in [DA]o in NAc 
[F(15, 75) = 4.93, p = 0.00]. Post hoc comparisons revealed a significant difference between 
baseline (sample 3) and sample 4 (p = 0.03), sample 5 (p = 0.02), sample 6 (p = 0.00), sample 
7 (p = 0.04), sample 8 (p = 0.02), and sample 10 (p = 0.01). The figure inset illustrates 
dopamine release following a second delivery of 100 Hz stimulation. The second stimulation 
resulted in an immediate elevation of [DA]o in NAc in sample 12 (p = 0.01) and sample 13 (p = 
0.03). Data are represented as mean ± SEM. * p ≤ 0.05; ** p ≤ 0.01 (See also Supplementary 
Fig. 1) 
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Figure 2. Electrical stimulation of VTA produces sustained dopamine release in PFC. (a) 
Schematic illustrating simultaneous measurement of [DA]o in PFC via a microdialysis probe and 
electrical stimulation of VTA via a stimulation electrode. (b) VTA stimulation using a protocol 
consisting of bursts of 1 ms pulses delivered at 100 Hz for 200 ms, with an interburst interval of 
500 ms and an amplitude of 60 µA, for 20 min (n = 7 sessions from 7 rats) elevated [DA]o in 
PFC [F(15, 90) = 8.10, p = 0.00]. Post hoc comparisons revealed a significant difference 
between baseline (sample 3) and sample 4 (p = 0.02), sample 5 (p = 0.01) and sample 6 (p = 
0.04). The inset illustrates dopamine release following a second delivery of 100 Hz stimulation, 
which significantly increased [DA]o in PFC in sample 12 when compared to baseline (p = 0.04). 
(C) VTA activation using a stimulus protocol consisting of bursts of 1 ms pulses delivered at 100 
Hz for 200 ms, with an interburst interval of 500 ms and an amplitude of 60 µA, for 5 min (n = 6 
sessions from 6 rats) was associated with sustained elevations in [DA]o in PFC [F(15, 75) = 
5.15, p = 0.00]. Post hoc comparisons against baseline indicated a significant increase in [DA]o 
in sample 4 (p = 0.00). The inset illustrates dopamine release following a second delivery of 100 
Hz stimulation. Post hoc comparisons revealed that [DA]o in PFC in sample 12 was significantly 
increased compared to baseline (p = 0.02). Data are represented as mean ± SEM. * p ≤ 0.05; ** 
p ≤ 0.01 (See also Supplementary Fig. 2) 
 

 

 

 

 

 

 

 

 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


29 

 

 

Figure 3. Optogenetic stimulation of VTA dopamine neurons produces sustained 
dopamine release in NAc. (a) (Top) Schematic illustrating simultaneous measurement of [DA]o 
via a microdialysis probe in NAc and blue laser illumination of ChR2-expressing VTA dopamine 
neurons via an optical fiber. (Bottom) TH (red) and ChR2-eYFP (green) immunofluorescence in 
VTA illustrates colocalization within VTA dopamine neurons (yellow) in a representative Th::Cre 
rat. (b) VTA dopamine neurons were stimulated using either a protocol consisting of bursts of 1 
ms pulses delivered at 100 Hz for 200 ms, with an interburst interval of 500 ms, for 20 min or a 
protocol consisting of bursts of 5 ms pulses delivered at 20 Hz for 5 s, with an interburst interval 
of 10 s, for 20 min (laser power = 5-7 mW) (n = 11 sessions from 5 rats). Optogenetic VTA 
dopamine stimulation was associated with a sustained increase in [DA]o in NAc [F(9, 90) = 4.47, 
p = 0.00]. Post hoc comparisons revealed a significant difference between baseline (sample 3) 
and sample 4 (p = 0.02) and sample 5 (p = 0.02). The dotted line represents electrical 
stimulation-induced elevations in NAc [DA]o (depicted also in Fig. 1b). Data are represented as 
mean ± SEM. * p ≤ 0.05 (See also Supplementary Fig. 3) 
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Figure 4. TTX blocks sustained dopamine release in NAc and PFC. (a) Schematic of 
infusion of TTX via microdialysis probes into NAc or PFC after electrical stimulation of VTA. (b) 
TTX infusion in NAc after cessation of VTA electrical stimulation blocked the post-stimulation 
increase in [DA]o in NAc. The solid line indicates data from sessions where TTX infusion in NAc 
followed electrical stimulation of VTA (stim + TTX, n = 7 sessions from 7 rats) while the dotted 
line represents data from rats that received electrical stimulation of VTA only (stim only, 
presented also in Fig.1b). Stim only and stim +TTX data were analyzed after applying log 
transformations (see Methods). Electrical stimulation of VTA alone produced sustained 
increases in [DA]o (results after data transformation were identical to the results in Fig. 1b; one 
way repeated measures ANOVA: F(9,81) = 5.93, p = 0.00; post-hoc tests against baseline: 
sample 4 (p = 0.01), sample 5 (p = 0.01), sample 6 (p = 0.00), sample 7 (p = 0.01), and sample 
8 (p = 0.04)). TTX treatment modulated stimulation-induced increases in [DA]o in NAc (one way 
repeated measures ANOVA, F(9, 54) = 24.46, p = 0.00). Post hoc comparisons against baseline 
(sample 3) indicated that VTA stimulation before TTX infusion in NAc significantly increased 
NAc [DA]o in sample 4 (p = 0.04). Following TTX treatment, [DA]o decreased below baseline in 
sample 5 (p = 0.02), sample 6 (p = 0.01), sample 7 (p = 0.00), sample 8 (p = 0.00), sample 9 (p 
= 0.00) and sample 10 (p = 0.00). A two-way repeated measures ANOVA further demonstrated 
a significant interaction between sample bin and condition (stim + TTX and stim only) [F(9, 135) 
= 33.77, p = 0.00]. (c) TTX infusion in PFC after cessation of VTA electrical stimulation blocked 
the post-stimulation increase in [DA]o in PFC. As in panel B, the solid line indicates stim + TTX 
condition (n = 6 sessions from 6 rats) and the dotted line represents electrical stimulation of 
VTA only (stim only, presented also in Fig. 2b). TTX treatment after VTA electrical stimulation 
modulated sustained increases in [DA]o (one way repeated measures ANOVA: F(9,45) = 45.35, 
p = 0.00). Post-hoc comparisons against baseline (sample 3) indicated that while stimulation 
increased [DA]o in sample 4 (p = 0.00), [DA]o was no longer significantly different from baseline 
in sample 5 (p = 0.40) after TTX infusion in NAc. Further, [DA]o in PFC decreased below 
baseline in the remaining post-stimulation samples 5, 6, 7, 8, 9 and 10 (p = 0.00 for all 
comparisons). A two-way repeated measures ANOVA also demonstrated a significant 
interaction between sample bin and condition (stim + TTX and stim only) [F(9, 99) = 6.79, p = 
0.00]. * p ≤ 0.05 and ** p ≤0.01 for comparison against baseline within the stim + TTX condition 
only. Data are represented as mean ± SEM. (See also Supplementary Fig. 4)  
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Figure 5. Stimulation of D1/D5 receptor blocks dopamine-induced decrease in cell 
surface expression of DAT and increase in Rho activation. Rat midbrain slices were treated 
with dopamine (10 μM), SKF 38393 (100 nM), or dopamine and SKF 38393. (a) Cell surface 
proteins were biotinylated, isolated and probed for cell surface expression. The effect of 
dopamine on membrane-localized DAT depended on SKF treatment [F(1, 8) = 13.72, p = 0.01, 
dopamine X SKF 38393 interaction, n = 3 slices for all groups]. Post hoc comparisons against 
control slices treated with vehicle revealed that membrane-localized DAT was significantly 
decreased in response to dopamine (p = 0.04), but this effect was blocked by SKF38393 (p = 
2.01). SKF38393 treatment alone did not significantly increase dopamine levels but resulted in a 
non-significant trend towards a decrease in membrane-localized DAT (p = 0.06). (b) Tissue 
lysates were then assessed for activated Rho. A two-way ANOVA revealed a significant 
interaction between dopamine and SKF 38393 treatments [F(1, 12) = 10.00, p = 0.01] (n = 4 
slices all groups). Post hoc comparisons against control slices treated with vehicle indicated that 
dopamine increased the amount of activated Rho GTPase in midbrain slices (p = 0.01), and this 
effect was blocked by SKF38393 (p = 0.75). SKF 38393 alone did not alter the amount of 
activated Rho-GTPase (p = 0.12). Data are represented as mean ± SEM. * p ≤ 0.05.  
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Figure 6. D1/D5 receptor activation attenuates sustained dopamine release in NAc. (a) 
Pre-treatment with SKF 38393 (i.p, 3 mg/kg) attenuated VTA stimulation-induced elevations in 
[DA]o in NAc. The solid line indicates data from sessions with SKF 38393 injection and electrical 
stimulation of VTA (stim + SKF 38393, n = 5 sessions from 5 rats) and the dotted line 
represents data from sessions with stimulation of VTA only (stim only, also presented in Fig. 
1b). A one-way repeated measures ANOVA revealed that SKF 38393 prevented any change in 
[DA]o upon VTA stimulation (F(5, 20) = 1.12, p = 0.38). A two-way repeated measures ANOVA 
further established a significant difference between SKF 38393 + stim and stim only conditions 
(sample bin X condition: F(5, 65) = 4.19, p = 0.00). (b) Local infusion of SKF 38393 (10 µM) in 
NAc 10 min after the start of electrical stimulation of VTA attenuated post-stimulation increase in 
[DA]o in NAc. Filled triangles represent data from sessions with electrical stimulation of VTA only 
(stim only, n = 5 sessions from 5 rats) and filled circles represent data from sessions with SKF 
38393 infusion in NAc and electrical stimulation of VTA (stim + SKF 38393, n = 5 sessions from 
5 rats). For these sessions, VTA was stimulated using a protocol consisting of bursts of 1 ms 
pulses delivered at 100 Hz for 200 ms, with an interburst interval of 500 ms and an amplitude of 
6 µA (compared to 60 µA used in previous experiments, see Methods), for 20 min. Electrical 
stimulation of VTA increased [DA]o in NAc (one way repeated measures ANOVA, F(6, 24) = 
3.53, p = 0.01). Post hoc comparisons against baseline (sample 2) demonstrated significant 
elevations of [DA]o in sample 3 (p = 0.05), sample 4 (p = 0.03), and sample 5 (p = 0.05). 
Electrical stimulation of VTA in combination with SKF 38393 treatment also resulted in a 
significant modulation of NAc [DA]o (one way repeated measures ANOVA, F(6,24) = 6.29, p = 
0.00). Post hoc comparisons against baseline (sample 2) demonstrated that even in the 
presence of SKF 38393 in NAc, electrical stimulation of VTA produced a significant elevation in 
NAc [DA]o in stimulation sample 3 (p = 0.04) and resulted in a trend towards a significant [DA]o 
increase in post-stimulation sample 4 (p = 0.08). However, SKF 38393 treatment prevented a 
sustained stimulation-induced [DA]o increase in sample 5 (p = 0.58) and resulted in a trend 
towards a decrease in [DA]o below baseline in sample 6 (p = 0.06). * and # indicate p ≤ 0.05 for 
comparisons against baseline within stim only and stim + SKF 38393 conditions respectively. 
Further, a two way repeated measures ANOVA confirmed that the local blockade of D1/5 
receptors in NAc by SKF38393 changed the pattern of [DA]o increase elicited by electrical 
stimulation of VTA (sample X condition: F(6, 48) = 4.23, p = 0.00). Data are represented as 
mean ± SEM. (See also Supplementary Fig. 7,8)  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 6, 2017. ; https://doi.org/10.1101/125062doi: bioRxiv preprint 

https://doi.org/10.1101/125062
http://creativecommons.org/licenses/by/4.0/


33 

 

 

 

Figure 7. Mechanism for sustained increase in extracellular dopamine following burst 
activation of dopamine neurons. (a) 1) Baseline spontaneous firing of dopamine neurons 
causes the release of low levels of dopamine from the terminals. 2) Dopamine diffuses into the 
extrasynaptic space where it is taken up by DATs, resulting in a low level of extracellular 
dopamine. (b) 1) Dopamine neurons fire in phasic bursts in response to behaviorally salient 
stimuli. Phasic bursting results in increased release and higher synaptic levels of dopamine. 2) 
A high concentration of extracellular dopamine enters the cell via DATs. 3) Intracellular 
dopamine activates Rho. 4) Rho activation mediates internalization of DATs. (c) 1) Upon 
cessation of phasic bursting, dopamine neurons return to baseline firing and release low levels 
of dopamine into the synapse. 2) Synaptic dopamine diffuses into the extrasynaptic space, 
where very few DATs are present following DAT internalization. As a result, extrasynaptic 
dopamine is cleared away slowly and dopamine accumulates in the extracellular space.  
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