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Abstract

Midbrain dopamine (DA) neurons have received significant attention in brain research because of 

their central role in reward processing and their dysfunction in neuropsychiatric disorders such as 

Parkinson’s disease, drug addiction, depression and schizophrenia. Until recently, it has been 

thought that DA neurons form a homogeneous population whose primary function is the 

computation of reward prediction errors. However, through the implementation of viral vector 

strategies, an unexpected complexity and diversity has been revealed at the anatomical, molecular 

and functional level. In this review, we discuss recent viral vector approaches that have been 

leveraged to dissect how different circuits involving distinct DA neuron subpopulations may 

contribute to the role of DA in reward- and aversion-related behaviors. We focus on studies that 

have used cell type- and projection-specific optogenetic manipulations, discuss the strengths and 

limitations of each approach, and critically examine emergent organizational principles that have 

led to a reclassification of midbrain DA neurons.
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1. Introduction

A major goal in neurobiology is to understand which neurons communicate with each other, 

how this communication is relevant to behavior, and how miscommunication leads to the 

diseased brain. However, the complexity of the mammalian central nervous system remains 

a large obstacle towards achieving this goal, due to its enormous diversity of cell types that 

differ in morphology, connectivity and function. With the development and implementation 

of viral vector strategies, a completely new perspective on brain structure, function, and the 

causes of disease at the circuit level has been revealed. Indeed, engineered viral vectors 

represent the most effective means of gene transfer to modify specific cell types within 

larger neural networks, and they have become the workhorse for almost all current 
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approaches used to describe the architecture, molecular features and functions of neural 

circuits. They are currently used to integrate neural circuit information across multiple levels 

of investigation, including functional manipulations (e.g., optogenetics), neural activity 

readouts (e.g., calcium imaging, electrophysiology), molecular profiling and trans-synaptic 

tracing using modified rabies viruses (Boyden, 2015; Callaway, 2008; Deisseroth, 2011; 

Deisseroth and Schnitzer, 2013; Wickersham et al., 2007).

Midbrain dopamine (DA) neurons have received significant attention in brain research 

because of their central role in reward processing and their dysfunction in neuropsychiatric 

disorders such as Parkinson’s disease, drug addiction, depression and schizophrenia 

(Deisseroth, 2014; Lammel et al., 2014; Lüscher, 2016; Nestler and Carlezon, 2006; Schultz, 

2016; Volkow and Morales, 2015; Wise, 2004). The midbrain DA system is mainly 

comprised of DA neurons in the ventral tegmental area (VTA, A10) and in the neighboring 

substantia nigra pars compacta (SN, A9). Predominant projection targets of VTA DA 

neurons are the medial prefrontal cortex (mPFC), the ventral striatum (nucleus accumbens 

[NAc] core, medial and lateral shell) and the basolateral amygdala (BLA), while DA SN 

neurons project strongly to the dorsal striatum (Bjorklund and Dunnett, 2007). Until 

recently, midbrain DA neurons had been thought to form a homogeneous cell population. 

Classical work has shown that they are phasically excited in response to rewards and reward-

predicting stimuli, and are inhibited in response to aversive stimuli (Schultz, 1997; Ungless 

et al., 2004). However, recent studies that have integrated advanced technologies including 

cell type-specific electrophysiology, rabies virus-based trans-synaptic tracing, voltammetry, 

calcium imaging and optogenetics-based approaches have brought to light a much greater 

diversity of DA cell properties and functions than previously supposed. This work has shown 

that VTA DA neurons are heterogeneous not only in regard to their anatomical, molecular 

and electrophysiological properties, but also in their response to salient appetitive and 

aversive stimuli. For a comprehensive discussion on the heterogeneity of VTA DA neurons, 

the reader is recommended to refer to recent reviews on this topic (Anderegg et al., 2015; 

Bariselli et al., 2016; Bromberg-Martin et al., 2010; Fields et al., 2007; Hu, 2016; Juarez and 

Han, 2016; Lammel et al., 2014; Lerner et al., 2016; Pignatelli and Bonci, 2015; Roeper, 

2013). In this review, we discuss recent advances that have implemented viral vector 

strategies to dissect the midbrain DA system anatomically and functionally, and highlight the 

strengths and caveats associated with these approaches. We also discuss how this work has 

given strong emphasis to the possibility that distinct DA subtypes may contribute 

differentially to the role of DA in reward- and aversion-related behaviors.

2. Viral vector strategies for neuroanatomical dissection of the midbrain 

dopamine system

Traditionally, investigations into the circuit architecture of the midbrain DA system have 

mainly relied on anterograde and retrograde tracer substances such as PHA-L and 

fluorescent retrobeads, respectively. For example, classical anterograde tracing experiments 

have established that major inputs to the VTA arise from widespread brain regions including 

the mPFC, lateral habenula (LHb), dorsal raphe nucleus (DRN), NAc, ventral pallidum, 

preoptic area, lateral hypothalamus (LH) and laterodorsal tegmentum (LDT) (Geisler et al., 
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2007; Yetnikoff et al., 2014). Conversely, using classical retrograde tracing techniques, 

several studies have correlated a DA neuron’s projection target with different features at the 

molecular, anatomical, and electrophysiological level (Beckley et al., 2013; Beier et al., 

2015; Ford et al., 2006; Ikemoto, 2007; Lammel et al., 2008; 2011; 2012; Lerner et al., 

2015; Margolis et al., 2006, 2008). By combining retrograde tracing, molecular profiling and 

acute brain slice patch clamp recordings in adult mice, subpopulations of “nonconventional” 

DA neurons located in the medial posterior VTA were identified and characterized (Lammel 

et al., 2008). These DA neurons project to mPFC, NAc medial shell, NAc core and BLA, 

and for the most part do not send axon collaterals to other brain regions (Albanese and 

Minciacchi, 1983; Fallon, 1981; Fallon and Loughlin, 1982; Lammel et al., 2008). In 

addition, they have a molecular make-up and firing properties that are clearly different from 

“conventional” DA neurons, which are located in the lateral VTA and the SN and project to 

NAc lateral shell and dorsal striatum, respectively (Lammel et al., 2008). The results from 

this and the other studies (see above) suggest that VTA DA neurons are heterogeneous in 

regard to their anatomical, molecular and electrophysiological properties, a finding that has 

strongly highlighted the possibility that individual groups of DA neurons provide unique 

information to other brain regions about how to respond to specific environmental stimuli.

However, a major caveat of conventional tracer substances is that although they can identify 

connections between two discrete anatomical areas, they are limited by the inability to 

distinguish between neuronal cell types. Cell-type specificity is particularly important in 

heterogeneous brain regions such as the VTA, which in addition to DA neurons also contains 

GABAergic and glutamatergic neurons (Hnasko et al., 2012; Nair-Roberts et al., 2008; 

Yamaguchi et al., 2007). Thus, cell type- and projection-specific approaches are needed in 

order to understand the full complexity of the midbrain DA system. The advent of modified 

rabies virus (RV)-based tracing approaches has made it possible to identify direct 

monosynaptic partners of genetically identified subpopulations of neurons within larger 

neural networks. Three different RV-based approaches have been used for studying 

anatomical connectivity in the midbrain DA system: cell type-specific, projection-specific 

and combined cell type- and projection-specific trans-synaptic tracing.

Cell type-specific trans-synaptic tracing using modified rabies viruses

Trans-synaptic tracing leverages the well-understood mechanisms of RV, which infects 

neural tissue, spreads across synapses and is strictly transported retrogradely (Wickersham et 

al., 2007). Because a natural rabies virus would theoretically infect an unlimited number of 

neurons, researchers have developed a rabies virus with two important modifications: the 

virus is pseudotyped with avian virus envelope protein A (EnvA), and the gene that codes 

for rabies glycoprotein (RG) has been replaced with a gene for a fluorescent protein (e.g., 

EnvA-dG-RV-GFP; Osakada and Callaway, 2013; Wickersham et al., 2007). The EnvA 

modification renders the virus incapable of infecting mammalian cells unless they express 

the avian tumor virus A (TVA) receptor. Moreover, because RG is necessary for trans-

synaptic spread of the virus, when EnvA-dG-RV-GFP does infect a neuron (i.e., a starter 

cell), it will only infect that neuron’s direct presynaptic partners and is unable to spread 

beyond these cells because they lack RG. The modified RV can be combined with the 

Cre/lox recombination system, which involves Cre-dependent viral vectors and transgenic 
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Cre-driver mouse lines, to achieve cell-type specificity (Gelman et al., 2003; Gong et al., 

2007; see below). Cre recombinase (Cre) is a protein originally discovered in the P1 

bacteriophage which recognizes the specific loxP DNA sequence. When pairs of loxP sites 

flank an exogene (i.e., it is “floxed”) in an inverted orientation (termed “double inverted 

open reading frame,” or DIO), Cre mediates an inversion of the exogene between the loxP 

sites. Transgenic Cre-driver mice that express Cre under a cell type-specific promoter can be 

injected with viral vectors encoding the Cre-dependent genes for TVA and RG (e.g., AAV-

DIO-TVA and AAV-DIO-RG) such that TVA and RG are only expressed in this genetically 

defined subpopulation of neurons. When EnvA-dG-RV-GFP is subsequently injected into the 

same brain region, it will only infect this small subset of cells. It trans-complements with the 

RG being exogenously expressed by these cells and thereby enables trans-synaptic spread of 

the rabies virus. Because the direct presynaptic partners do not express RG, the modified RV 

cannot spread any further, and fluorescent protein (e.g., GFP) expression will be limited to 

these cells and the starter cell population. In this way, modified rabies virus enables the 

identification of cells that make direct monosynaptic connections onto a genetically defined 

starter cell population (Wall et al., 2010).

In a foundational study, Uchida and colleagues have used this approach to identify 

monosynaptic inputs to VTA or SN DA neurons throughout the entire brain (Watabe-Uchida 

et al., 2012). Even though most of the inputs to VTA and SN DA neurons were consistent 

with previous studies using conventional tracer substances, the authors found some 

important differences that were previously unreported. Specifically, they found that DA 

neurons in the SN receive particularly strong inputs from somatosensory and motor cortices, 

as well as from the subthalamic nucleus, whereas DA neurons in the VTA receive strong 

inputs from the LH. The finding that VTA and SN DA neurons receive distinct inputs may 

contribute to their different firing patterns and diverse behavioral functions. Moreover, cell 

type-specific trans-synaptic RV tracing has also been leveraged to identify afferents to 

glutamatergic and GABAergic neurons in the VTA, showing that these cell populations 

receive inputs from similar brain regions but in varying proportions. Specifically, 

glutamatergic VTA neurons have been found to receive proportionally more cortical input 

(e.g., somatosensory, motor, insular, and cingulate cortices) compared to VTA GABA and 

DA neurons. On the other hand, VTA GABA cells receive significantly more input from the 

LDT, rostromedial tegmental nucleus (RMTg) and LHb (Faget et al., 2016).

Projection-specific trans-synaptic tracing using TRIO and cTRIO

A second type of monosynaptic RV tracing has been developed to identify inputs to 

projection-defined subpopulations, accordingly named TRIO (Tracing of the Relationship 

between Input and Output; Beier et al., 2015; Lerner et al., 2015; Schwarz et al., 2015). 

TRIO involves injecting a canine adenovirus (CAV) encoding the gene for Cre recombinase 

into a known projection target for a specific cell population. Consequently, only cells that 

project to this area express Cre recombinase. Helper viruses carrying Cre-dependent genes 

for RG and TVA (e.g., AAV-DIO-TVA and AAV-DIO-RG) are then injected into the nucleus 

of interest, so that only a projection-defined subset of neurons will express TVA and RG 

(i.e., starter cells). Thus, following injection of a modified RV (EnvA-dG-RV-GFP), only 
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neurons that make direct monosynaptic connections onto the projection-defined neurons and 

the starter cell population will express a fluorescent marker protein.

This approach can be further refined to yield a third type of monosynaptic tracing that is 

both projection- and cell type-specific: cTRIO (cell-type specific Tracing of the 

Relationship between Input and Output; Beier et al., 2015). cTRIO is a technique in which a 

CAV vector carrying the Cre-dependent gene for Flp-recombinase (Flp) is injected into a 

projection target of a nucleus from a transgenic Cre-driver mouse. Much like Cre-lox 

recombination, Flp-FRT recombination allows for site-specific recombination of DNA 

sequences flanked by flippase recognition target (FRT) sites. In this way, Flp can be 

expressed in a population of neurons that is defined by both a cell type-specific genetic 

marker and a projection target. Flp-dependent viruses carrying genes for TVA and RG can 

then be injected into this nucleus, so that only this projection- and cell type-specific 

subpopulation will be susceptible to infection with a modified RV.

Experiments employing TRIO and cTRIO have found quantitative, but not qualitative, 

differences in the inputs to projection-defined subpopulations of VTA DA neurons. For 

example, VTA DA neurons projecting to the NAc lateral shell receive proportionally more 

input from the anterior cortex and striatal regions, but less inputs from the DRN, compared 

to VTA DA neurons projecting to the NAc medial shell (Beier et al., 2015). Uchida and 

colleagues found that VTA DA cells projecting to the posterior “tail” of the striatum form an 

anatomically distinct subclass within the VTA as they receive significantly less input from 

the ventral striatum and proportionally more input from the subthalamic nucleus, zona 

incerta and ventral pallidum (Menegas et al., 2015).

RV-based trans-synaptic tracing has been used to confirm many of the inputs to midbrain DA 

neurons previously reported using conventional tracing techniques. At the same time, 

however, these studies have produced a more nuanced picture of the input-output 

relationships of this complex system, and many important questions remain after trans-

synaptic tracing approaches have revealed unexpected inputs to DA neurons that could not 

be validated by complimentary approaches. For example, electrophysiological recordings 

(Lammel et al., 2012) and electron microscopy (Carr and Sesack, 2000) have failed to 

provide evidence for a direct synaptic connection from the LHb onto NAc-projecting DA 

neurons, as well as from the mPFC onto NAc-projecting DA neurons, but their presence 

could be detected using cTRIO (Beier et al., 2015). In addition, RV-based trans-synaptic 

tracing studies consistently report that the NAc provides strong monosynaptic inputs to VTA 

DA neurons (Beier et al., 2015; Watabe-Uchida et al., 2012; Faget et al., 2016; Menegas et 

al., 2015). In contrast, studies that combine synaptic electrophysiology and optogenetics 

show conflicting results, with one study showing functional connections (Matsui et al., 

2014) while other studies observe very little or no connectivity (Bocklisch et al., 2013; 

Kupchik et al., 2015; Xia et al., 2011). Several methodological differences could contribute 

to these apparent contradictions, including specificity of the viral injections, viral serotypes 

or different Cre-driver lines. Further investigations are needed to rule out false positive 

results and verify the presence of unexpected synaptic connections. Another important 

caveat of RV-based tracing is that the amount of presynaptic labeling does not convey any 

information about the strength of a synaptic connection (i.e., sparse labeling does not 

Cardozo Pinto and Lammel Page 5

Pharmacol Biochem Behav. Author manuscript; available in PMC 2020 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



necessarily indicate a weak synaptic connection). Moreover, many brain regions that 

innervate VTA DA neurons are highly heterogeneous and contain neurons of variegated 

neurochemical identity such as the DRN, which sends not only serotonergic, but also 

glutamatergic projections to the VTA (Qi et al., 2014). Because trans-synaptic tracing 

approaches cannot detect differences in the cellular identity of direct presynaptic inputs, 

complementary experimental approaches involving electrophysiology, 

immunohistochemistry and/or in situ hybridization are necessary to fully characterize 

afferent inputs to midbrain DA neurons.

3. Viral vector strategies for optogenetic manipulations of midbrain 

dopamine neurons

Targeting midbrain dopamine neurons

Optogenetics uses photostimulation to control the activity of specific cell populations which 

have been genetically transduced to express microbial opsins that are activated by light. It 

can be used to manipulate neurons on a millisecond time scale with high spatial and 

temporal precision both in vitro and in freely moving animals (Deisseroth, 2011; 

Rajasethupathy et al., 2016; Tye and Deisseroth, 2012; Yizhar et al., 2011). An important 

prerequisite for optogenetic manipulations of midbrain DA neurons is cell type-specificity, 

which is particularly significant in the case of the VTA as it contains heterogeneous 

subpopulations of DAergic, GABAergic and glutamatergic neurons (Nair-Roberts et al., 

2008). The most widely implemented approach for targeting midbrain DA neurons involves 

the Cre/lox system (Gong et al., 2007; Lindeberg et al., 2004; Pupe and Wallén-Mackenzie, 

2015), in which a Cre-dependent viral vector coding for a transgene of interest (e.g., 

channelrhodopsin-2 [ChR2]) can be infused into the VTA or SN of a transgenic Cre-driver 

mouse line expressing the gene for Cre under the control of a cell type-specific promoter 

(see above). Using this approach, only cells expressing Cre will reverse the inverted 

transgene to induce expression of the functional protein. Ultimately, the integration of viral 

vectors with transgenic animals combines the anatomical specificity afforded by stereotaxic 

microinjection with the cell type-specificity that is possible with genetically engineered 

animals.

An important consideration of all transgenic Cre-driver lines is the actual cell type-

specificity of Cre expression, which must be confirmed individually for each line. For 

example, in bacterial artificial chromosome (BAC) transgenic mouse lines, ectopic gene 

expression can occur if upstream regulatory elements are incomplete relative to those 

involved in regulating the endogenous gene (e.g., a distant enhancer sequence may be 

omitted in the BAC), leading to differential control of the transgene compared to the 

endogenous gene. Alternatively, depending on where the BAC integrates into the host 

genome, regulatory sequences and processes at the locus of integration may be different 

from and/or disrupt those mediated by the promoter included in the BAC to target transgene 

expression to specific cell types. Ectopic gene expression may also be observed in cells 

where the endogenous promoter is transiently activated during development, leading to Cre 

expression which can persist in the cytoplasm even after the promoter has been turned off. 

This can occur in both BAC and knock-in transgenic mice. Finally, ectopic Cre expression 
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can also be observed in cells where expression of the endogenous protein is regulated post-

transcriptionally via mechanisms like RNA interference, which would lead to mRNA 

transcription of both the endogenous gene and Cre, but translation of Cre only. In all of these 

cases, ectopic Cre expression can lead to the recruitment of neurons outside of the intended 

cell type, causing off-target effects and potentially confounding the interpretation of 

supposedly cell type-specific results (Lammel et al., 2015; Vuong et al., 2015).

Importantly, transgenic Cre-driver mouse lines expressing Cre under the control of the 

promoter for tyrosine hydroxylase (TH), the rate-limiting enzyme in the synthesis of DA and 

the gold standard for identifying DA neurons, exhibit substantial ectopic transgene 

expression patterns in non-DA neurons (Lammel et al., 2015). These mice exhibit Cre 

expression in TH-immunonegative cells that reside in the midline region of the VTA and in 

the interpeduncular nucleus (IPN), a brain region located just ventral of the VTA. It is 

surprising that some IPN neurons express TH mRNA, even though it is unlikely that these 

cells are bona fide DA neurons (i.e., cells that synthesize and release the neurotransmitter 

dopamine) as they lack detectable TH protein expression as well as other DA-specific 

markers (e.g., DAT, VMAT2). Nevertheless, these TH-immunonegative cells are likely to be 

recruited during optogenetic experiments utilizing TH-Cre mice, suggesting that TH as a 

molecular marker alone may not be reliable for identifying and targeting DA neurons in the 

ventral midbrain. On the other hand, Cre-driver mice expressing Cre under the dopamine 

transporter (DAT) promoter exhibit DA-specific Cre expression patterns (Lammel et al., 

2015); however, these DAT-Cre mice may prove to be less amenable to studies seeking to 

investigate the projection from medial VTA DA neurons to the mPFC, since these neurons 

have been shown to lack DAT expression (Lammel et al., 2008). Recently, transgenic mice 

that express Cre under the control of the Pituitary homeobox 3 promoter, a developmental 

marker for DA neurons (Pitx3-Cre mice), have also become available (Smidt et al., 2012). 

Although a detailed quantitative description of the cell type-specificity of Cre expression in 

these mice is still lacking and additional work will be necessary to fully characterize them, 

initial results point to a cell population in the midline VTA that expresses Cre but lacks 

detectable TH protein expression (Smidt et al., 2012; Zhao et al., 2004).

In addition to transgenic Cre-driver mice, Cre-driver rats are also highly desirable because 

rats can carry out more complex behavioral tasks than mice and are the preferred animal 

model in many classical psychological assays (Zalocusky and Deisseroth, 2013). 

Development of these transgenic rats has been delayed because rats are less genetically 

tractable compared to mice, but recently a line expressing Cre under the control of the TH 

promoter has been developed (Witten et al., 2011). Though Cre expression in these animals 

has yet to be thoroughly characterized, preliminary work suggests that in rats, unlike in 

mice, TH mRNA expression correlates with TH protein expression (Yamaguchi et al., 2015), 

suggesting that non-DA specific Cre expression in the IPN is less likely to occur in these 

animals.

Optogenetic control of midbrain dopamine neurons

Channelrhodopsin-2, in conjunction with transgenic rodent lines, is the most commonly used 

opsin for photostimulation of midbrain DA neurons since it produces strong and stable 
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photocurrents that activate cells at low to moderate frequencies with high temporal precision 

(Yizhar et al., 2011). The manipulations facilitated by this technology have been used to 

investigate the role of phasic DA activity for reward-related behaviors. According to the 

reward prediction error (RPE) hypothesis, midbrain DA neurons show characteristic phasic 

responses to rewards and reward-predicting cues, and are inhibited by aversive events 

(Schultz, 1997; Ungless et al., 2004). The RPE hypothesis is supported by extensive 

empirical data, including functional magnetic resonance imaging (fMRI) studies in humans 

(D’Ardenne et al., 2008; Schultz, 2016). Additional evidence for a causal role of phasic DA 

activity in promoting reward-related behavior comes from a landmark study by Deisseroth 

and colleagues, who demonstrated that phasic, but not tonic, optogenetic stimulation of VTA 

DA neurons is sufficient to drive behavioral conditioning (Tsai et al., 2009). Though this 

work was carried out using TH-Cre mice, which have since been shown to exhibit ectopic 

Cre expression in midline VTA and IPN cells that lack detectable levels of TH protein, the 

results of this study remain likely to be cell-type specific because the authors here stimulated 

cells in the lateral VTA which does not contain Cre positive cells that lack TH protein 

(Lammel et al., 2015).

Subsequent work by Uchida and colleagues employed viral vector targeting strategies and in 
vivo extracellular electrophysiology to identify VTA neurons encoding RPE responses in a 

classical conditioning task (Cohen et al., 2012). In these experiments, Cre-dependent viral 

vectors expressing ChR2 were infused into the VTA of DAT-Cre or VGAT-Cre mice to target 

DA or GABA neurons, respectively. VTA DA or GABA neurons were optogenetically 

“tagged” by correlating spontaneous spike waveforms and light-evoked voltage responses. 

As expected, VTA DA neurons showed phasic excitation after reward-predicting stimuli – a 

response that seems to be remarkably uniform across DA neurons in the lateral VTA (Cohen 

et al., 2012; Eshel et al., 2016). VTA GABA neurons, on the other hand, show increased 

activity during the delay of reward prediction and during its delivery (Cohen et al., 2012). 

Moreover, VTA GABA neurons exert strong inhibitory influence over VTA DA neurons 

(Matsui et al., 2014), and optogenetic stimulation of these cells disrupts reward consumption 

and promotes aversion-related behaviors (Tan et al., 2012; van Zessen et al., 2012). Thus, a 

‘subtractive model’ has been proposed, which is based on a local inhibitory microcircuit that 

contributes to the computation of DA RPEs (Eshel et al., 2015). Concordant with these 

results is the finding that tonic optogenetic stimulation of VTA DA neurons elicits an 

aversive response, likely by occluding the phasic bursting activity necessary to signal the 

presence of a reward or a reward-associated cue (Mikhailova et al., 2016).

A second line of research by Janak and colleagues engaged TH-Cre rats in an associative 

blocking task (Steinberg et al., 2013). Concurrent optogenetic stimulation of VTA DA 

neurons with reward delivery caused a long-lasting increase in cue-elicited reward-seeking 

behavior. Thus, upregulation of VTA DA activity at the time of a reward mimics a positive 

prediction error that informs the animal’s behavior. In agreement with this line of thinking is 

a recent study in rhesus monkeys demonstrating that photostimulation to reward outcomes 

promotes learning of reward predicting stimuli (Stauffer et al., 2016). While non-human 

primates typically do not offer the same possibilities for cell type-specific manipulations as 

in rodents, this was elegantly circumvented by using a novel viral cocktail technique with 

DA specific opsin expression levels greater than 95% (Stauffer et al., 2016).
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Conversely, photoinhibition of DA neurons can be achieved using inhibitory microbial 

opsins such as halorhodopsin (eNpHR3.0), archaerhodopsin (Arch), and chloride conducting 

channelrhodopsins (Berndt et al., 2014; Wietek et al., 2014; Yizhar et al., 2011; Zhang et al., 

2007). However, it should be noted that eNpHR3.0 is probably the most suitable existing 

tool for optogenetic silencing of terminals, since Arch may paradoxically increase the 

spontaneous release of neurotransmitter in response to long periods of light stimulation, and 

chloride conducting channelrhodopsins may cause neurotransmitter release at light onset 

(Mahn et al., 2016). Inhibitory opsins have been leveraged to examine the encoding of RPE 

during inhibition of VTA DA neurons. Consistent with the RPE hypothesis and the 

‘subtractive model’, it was shown that optogenetic inhibition of VTA DA neurons elicits 

conditioned place aversion (Berndt et al., 2015). Furthermore, inhibiting VTA DA cells 

during the delivery of a reward is sufficient to mimic a negative reward prediction error 

response (Chang et al., 2016). Altogether, most studies that have employed optogenetic 

stimulation or inhibition of VTA DA cells are in line with classical extracellular 

electrophysiological experiments in behaving non-human primates and with theoretical 

frameworks that have hypothesized a causal role for temporally precise DA signaling in cue-

reward learning and RPE signaling (Schultz, 1997; Schultz, 2016; Stauffer et al., 2016).

Optogenetic control of dopaminergic projections

An important limitation of photoactivating or -inhibiting DA cell bodies is the intrinsic 

difficulty in determining precisely whether one specific DA subpopulation is preferentially 

activated over another. VTA DA neurons with distinct projection targets are generally 

intermingled in the VTA, even though some anatomical separation exists between DA 

subpopulations in the medial and lateral VTA (Beier et al., 2015; Lammel et al., 2008). For 

example, VTA DA cells projecting to the NAc lateral shell are predominantly located in the 

dorsolateral region of the VTA. If light is directed to the lateral VTA, these cells would be 

preferentially activated while other DA subpopulations in ventral or medial subregions of the 

VTA remain unaffected, and it is possible, if not likely, that such biased activation of one DA 

subpopulation over another may drive drastically different behavioral phenotypes. Indeed, 

Tye and colleagues have observed that selective photostimulation of a discrete subpopulation 

of DA neurons in the DRN promoted conditioned place aversion (Matthews et al., 2016), 

which is in stark contrast to the rewarding phenotype that has been observed in response to 

stimulation of DA neurons in the VTA (Tsai et al., 2009).

Given the pronounced heterogeneity of DA neurons, it is not surprising that many recent 

studies have begun to employ projection-specific optogenetic manipulations to parse out the 

different biological functions of DA subsystems. Projection-specific optogenetic 

manipulations can be performed by directing light stimulation to opsin-expressing axons and 

terminals in brain regions that are innervated by midbrain DA neurons (Tye and Deisseroth, 

2012; Yizhar et al., 2011). Consistent with the idea that projection-defined DA 

subpopulations subserve different biological functions is the finding that photostimulation of 

DA projections to the NAc, but not the mPFC, is sufficient to increase social interaction. In 

contrast, photostimulation of projections to the mPFC promotes conditioned place aversion 

(Gunaydin et al., 2014). De Lecea and colleagues also carried out a detailed optogenetic 

dissection for DA projections to the NAc, mPFC, central amygdala (CeA), and dorsolateral 
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striatum (DLS) to reveal a complex circuitry for regulating sleep-wake behaviors (Eban-

Rothschild et al., 2016). Stimulation of NAc, CeA, and DLS, but not mPFC, projections 

promoted a transition from non-REM sleep to wakefulness, whereas stimulation of mPFC 

and CeA projections promoted a transition from REM sleep to wakefulness. Thus, 

projection-specific manipulations are particularly important for the elicitation of complex 

behaviors mediated by distinct DA subsystems. An important limitation of the latter two 

studies is that TH-Cre mice have been used, which show non-DA specific Cre expression 

patterns (see above). Additionally, some VTA DA neurons may co-release other 

neurotransmitters such as glutamate (Stuber et al., 2010), and optogenetic stimulation of 

VTA glutamate inputs in the NAc is sufficient to promote aversion-related behavior by 

activating striatal GABAergic interneurons (Qi et al., 2016). Thus, future studies are needed 

to further parse out the precise contribution of VTA neurons in multiplexed neurochemical 

signaling.

Optogenetic control of inputs to the VTA

Midbrain DA neurons receive excitatory and inhibitory inputs from widespread brain regions 

(Yetnikoff et al., 2014). Because DA burst firing activity is highly regulated by glutamatergic 

afferent inputs (Grace and Bunney, 1984a, 1984b; Grace et al., 2007), an important line of 

research is to determine the behavioral functions and synaptic connectivity of specific 

afferent inputs to midbrain DA neurons (Figure 1). A high density of synaptic inputs to the 

VTA originates from the DRN (Beier et al., 2015; Faget et al., 2016; Watabe-Uchida et al., 

2012). Optogenetic studies that stimulated DRN inputs to the VTA in freely behaving 

animals mainly observed reward-related behaviors, which is consistent with electrical 

stimulation of the DRN (Rompre and Miliaressis, 1985; Simon et al., 1976). However, some 

controversy remains regarding the neurochemical identity of this pathway. While one group 

found that VTA-projecting DRN neurons encode reward-related behaviors through both 

serotonin and glutamate (Liu et al., 2014), other groups reported that these neurons encode 

reward behaviors primarily through glutamate but not serotonin (Fonseca et al., 2015; 

McDevitt et al., 2014; Qi et al., 2014).

The mesopontine laterodorsal tegmental nucleus (LDT) and pedunculopontine nucleus 

(PPT) are heterogeneous brain regions located in close proximity to the DRN and provide 

cholinergic, glutamatergic and GABAergic input to the VTA (Wang and Morales, 2009). 

Classical studies that stimulated LDT neurons electrically demonstrated increased burst 

firing in VTA DA neurons as well as increased DA levels in the NAc (Forster and Blaha, 

2000; Lodge and Grace, 2006). Consistent with this is the finding that VTA DA neurons 

projecting to the NAc lateral shell subregion receive substantial excitatory input from the 

LDT (Lammel et al., 2012). More recently, it has been reported that optogenetic stimulation 

of both glutamatergic and cholinergic LDT projections to the VTA is sufficient to promote 

reward-related behaviors in freely behaving rodents (Lammel et al., 2012; Steidl et al., 2016; 

Xiao et al., 2016). PPT neurons, on the other hand, appear to preferentially influence motor 

control via cholinergic projections to the SN, but not VTA (Xiao et al., 2016), whereas 

glutamatergic PPT neurons target non-DA VTA neurons, which have been demonstrated to 

be necessary for the acquisition of stimulus-reward associations (Yau et al., 2016).
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Altogether, both DRN and LDT appear to be uniquely positioned to exercise control of burst 

firing via their direct excitatory projections to VTA DA neurons projecting to NAc. Since 

increased DA levels in the NAc promote reinforcement (Steinberg and Janak, 2013), these 

pathways may represent key players in the brain’s reward circuitry.

Conversely, optogenetic stimulation of inhibitory inputs to the VTA can also promote 

reward-related behaviors. For example, optogenetic stimulation of both BNST and LH 

GABAergic inputs to the VTA produces a rewarding phenotype. Given that these cells 

preferentially innervate non-DA VTA neurons (i.e., putative GABAergic neurons), a circuit 

model has been proposed where di-synaptic disinhibition of VTA DA neurons drives reward-

related behaviors (Jennings et al., 2013; Nieh et al., 2016).

While most VTA DA neurons are inhibited by aversive stimuli (Ungless et al., 2004), some 

DA neurons in the ventromedial VTA appear to be phasically excited by aversive stimuli 

(Brischoux et al., 2009). This result seems to be at odds with the RPE hypothesis, but 

supports the notion that DA neurons form a heterogenous population tuned to either 

rewarding and/or aversive stimuli. In this regard an important finding is that optogenetic 

stimulation of specific VTA afferent pathways can produce aversion-related behaviors 

(Jennings et al., 2013; Lammel et al., 2012; Nieh et al., 2016; Stamatakis and Stuber, 2012). 

Accordingly, optogenetic stimulation of glutamatergic LHb, BNST and LH terminals in the 

VTA induced robust place aversion. ChR2-assisted circuit mapping revealed that these 

inputs target GABAergic neurons in the VTA/RMTg, indicating that di-synaptic inhibition 

of VTA DA neurons may contribute to the aversive behavior. It certainly can be argued that 

this result is consistent with the RPE hypothesis and ‘subtractive model’ (see above), but 

BNST, LH and LHb also send direct excitatory inputs to VTA DA neurons (Jennings et al., 

2013; Lammel et al., 2012; Nieh et al., 2016; Stamatakis and Stuber, 2012). Obvious 

questions are whether these inputs target specific DA subpopulations and whether excitatory 

postsynaptic currents lead to a propagated action potential and subsequent DA release in 

target regions. While specific DA subpopulations have not yet been determined for LH and 

BNST inputs, it has been already demonstrated that LHb inputs preferentially target 

mesoprefrontal DA neurons (Lammel et al., 2012). Altogether, these results suggest that in 

addition to the anatomical origin and neurochemical identity (e.g., GABA, glutamate) of 

VTA afferents, synaptic connectivity in the VTA is an important determinant that can 

influence behavior in profoundly different ways.

Optogenetic functional Magnetic Resonance Imaging

The integration of optogenetics and behavioral paradigms has emerged as a powerful way to 

investigate whether stimulating or silencing a defined group of cells induces specific 

behavioral changes. However, this approach offers no insights into the corresponding neural 

activity that occurs to produce these changes. Fortunately, integration of optogenetics with 

electrophysiology (Cohen et al., 2012) or recently developed in vivo calcium imaging 

approaches (Deisseroth and Schnitzer, 2013; see below) provide the ability to observe 

changes in neural activity while performing optogenetic manipulations in freely moving 

animals. Unfortunately, however, there is a fundamental bias in the choice of which cells and 
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brain regions are recorded and monitored using these techniques, which makes it difficult to 

understand whole-brain consequences of an optogenetic manipulation.

Optogenetic functional Magnetic Resonance Imaging (ofMRI) is a way of overcoming this 

bias. ofMRI is a recently developed technique that provides the ability to measure brain-

wide activity changes as a consequence of an optogenetic manipulation (Albaugh et al., 

2016; Decot et al., 2016; Ferenczi et al., 2016). In ofMRI experiments, optogenetic 

manipulations are performed in a custom-built animal fMRI scanner that combines the 

Blood Oxygen Level Dependent (BOLD) response, a measure of metabolic activity as a 

proxy for neural activity, with optogenetic stimulation. Like all fMRI methods, ofMRI 

suffers from the temporal lag that exists between changes in neuron firing and hemodynamic 

changes, which places the temporal resolution on the order of seconds. However, the main 

advantage of ofMRI is its ability to collect global, unbiased spatial information about how 

optogenetic manipulations affect activity throughout the brain. Moreover, because more 

powerful magnets can be safely used on animals than on people, the spatial resolution of 

ofMRI is at the submillimeter range. Thus, ofMRI has recently emerged as an integrated 

approach that combines local, temporally precise neuronal manipulations with global, 

temporally delayed brain responses. For example, ofMRI has been used to reveal that the 

mPFC exerts top-down control over midbrain DA interactions with the striatum and that, 

when elevated, activity in the mPFC can suppress natural reward-related behavior. 

Specifically, optogenetic manipulation of mPFC neurons using step-function opsins 

produced a decrease in BOLD responses in the NAc and behavioral correlates of anhedonia 

(i.e., reduced sucrose preference; Ferenczi et al., 2016). This groundbreaking study 

exemplifies how functional brain imaging and optogenetic techniques can be integrated to 

investigate brain-wide circuit dynamics underlying motivated behavior. Finally, fMRI in 

animal models has recently seen the integration of magnetically active heme proteins that 

bind to and signal concentrations of DA such that the BOLD signal quantitatively relays 

information about DA neurotransmitter concentration (Lee et al., 2014). Though this 

technology is in the early stages and currently requires a supply of L-DOPA and a dopamine 

reuptake inhibitor to maximize DA concentrations, it shows a lot of promise.

As optogenetic approaches shed light on neural circuit function in animals, it is of crucial 

importance to validate that analogous circuits exist in humans. For example, it has been 

reported that the same network comprising the LHb, VTA and mPFC previously identified in 

rodents (Lammel et al., 2012) is also activated during aversive processing in humans 

(Hennigan et al., 2015). Such translational approaches will be vital in developing new 

therapeutic interventions for neuropsychiatric disorders. Future research in this area will 

likely be directed toward overcoming some of the current limitations of these studies, 

including immobilization during brain imaging (animals must be sedated or extensively 

acclimated to the scanner head fixation device), limited temporal resolution associated with 

BOLD responses, and relatively coarse spatial resolution.
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4. Viral vector strategies for neural activity readouts in the midbrain 

dopamine system

Optogenetic control over neural activity represents the most precise method currently 

available for functionally investigating mammalian circuits. However, it is also beset by 

certain limitations. First, optogenetic stimulation of axons projecting to one region may 

result in backpropagating action potentials that activate undesired brain areas via axon 

collaterals. Second, optogenetic stimulation shines light in pulses that activate all virally 

transduced neurons at the same time, thus possibly driving the activity of thousands of 

neurons in synchrony, which is unlikely to occur naturally. Third, artificially stimulating 

neurons is unlikely to recapitulate their endogenous, physiological patterns of activity. 

Because of these limitations, optogenetic studies should be complemented with 

investigations of the naturally occurring activity patterns of neurons during various 

behavioral tasks and in response to various environmental stimuli. In vivo calcium imaging 

allows the visualization of calcium dynamics in genetically-defined neurons with 

unprecedented cellular and subcellular spatial resolution (Hamel et al., 2015; Resendez and 

Stuber, 2015). Calcium signaling can be visualized using genetically encoded calcium 

sensitive fluorescent indicators that bind to intracellular Ca2+ ions (e.g., GCaMP6; 

Akerboom et al., 2012). To achieve cell-type specificity, Cre-dependent viral vectors 

encoding these calcium indicators can be injected into the brain of transgenic Cre-driver 

mice, resulting in transient calcium fluorescence in specific cell populations. This 

fluorescence signal can serve as a proxy for neural activity since periods of increased neural 

activity are associated with fluctuations in intracellular calcium levels, which correlate with 

action potential generation and neurotransmitter exocytosis (Hamel et al., 2015). There are 

currently three methodological approaches for performing in vivo calcium imaging: (1) in a 

head-fixed setup with sub-cellular resolution (two-photon calcium imaging), (2) using a 

miniature epi-fluorescence microscope and implanted microendoscope (one-photon calcium 

imaging), and (3) using an implanted optical fiber (fiber photometry). A major limitation of 

two-photon calcium imaging is that it currently must be performed in head-fixed animals. 

This greatly limits its use for investigating many standardized and previously validated 

rodent behavioral assays (e.g., conditioned place preference assay). In contrast, calcium 

imaging using microendoscopes or fiber photometry can be performed in freely moving 

animals, but do not offer the same sub-cellular resolution as two-photon calcium imaging. 

Furthermore, fiber photometry has a low spatial resolution, but offers the unique possibility 

of monitoring both population- and projection-specific activity signals in real time from 

genetically-defined cell populations.

Notably, several recent studies that have used in vivo fiber photometry to correlate a DA 

neuron’s projection target with its functional role have provided strong evidence for the 

diverse biological functions of DA signaling in the mammalian brain. Deisseroth and 

colleagues measured calcium dynamics in DA axons and terminals in the mPFC or NAc 

while administering a rewarding or an aversive stimulus. As expected, and consistent with 

the RPE hypothesis, DA terminals in the NAc exhibited increased activity following a 

rewarding stimulus and decreased activity in response to electrical foot shock. In contrast, 

DA terminals in the mPFC showed the opposite pattern – calcium dynamics were increased 
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in response to foot shock but remained unaffected by a rewarding stimulus (Kim et al., 

2016). In another fiber photometry study from the same group, two distinct functional 

classes of DA neurons were discovered. DA neurons in the medial SN projecting to the 

dorsomedial striatum showed a marked decrease in calcium activity in response to an 

aversive stimulus, whereas DA neurons in the lateral SN projecting to the dorsolateral 

striatum showed a significant increase (Lerner et al., 2015). This result appears to be 

consistent with findings of Matsumoto and Hikosaka, who reported a population of putative 

DA neurons in the lateral SN that increased firing in response to aversive stimuli 

(Matsumoto and Hikosaka, 2009). However, the projection target of these cells remains 

speculative, since the latter study was performed in non-human primates, which have a more 

widespread DA projection system compared to rodents. For example, primate 

mesoprefrontal DA neurons originate in both the VTA and SN (Williams and Goldman-

Rakic, 1998), while in mice these cells are located selectively in the medial VTA (Lammel et 

al., 2008).

Using two-photon calcium imaging and fiber photometry, Howe and Dombeck found 

widespread populations of DA axons projecting to the dorsal striatum that displayed rapid 

phasic signaling associated with motor control but not unpredicted reward (Howe and 

Dombeck, 2016). The DA signals in the dorsal striatum were largely distinct from those that 

were found in the ventral striatum (i.e., NAc), which responded to unexpected reward. These 

findings are in agreement with another fiber photometry study by Parker et al., which also 

found functional specialization of DA subpopulations, observing key differences in the 

encoding of reward and choice in DA terminals in dorsal versus ventral striatum (Parker et 

al., 2016). A notable difference between the two studies is that Parker et al. observed more 

reward-related signaling in the dorsal striatum compared to Howe and Dombeck. However, 

it is possible that responses to reward exist in dorsomedial-projecting SN DA neurons 

(observed by Lerner et al., 2015), and in that case any difference between the two studies 

could be due to sampling bias. Nevertheless, these studies suggest that DA neuromodulation 

can differentially impact motor control and reward learning, thereby providing further 

evidence for a specialization of DA function that is based on a DA neuron’s projection 

target.

5. Conclusions and future directions

Understanding how motivational systems are organized in the brain and how they impact 

neural circuits that direct behavior is a major question in neuroscience. In this review, we 

have focused on a series of recent studies that have used viral vector strategies for 

anatomical and functional dissection of the midbrain DA system. Even though genetically-

encodable optical tools and whole-brain mapping approaches have provided scientists with 

the necessary tools to unravel the precise identity and role of the various neuronal 

subpopulations located within the VTA and SN, understanding the role of DA circuits 

involved in motivated behaviors has been a challenging pursuit. We propose a projection-

based model of DA function which is well suited to explain the seemingly opposing findings 

of electrophysiological, fiber photometry and voltammetry studies. Accordingly, phasic DA 

release is not uniformly broadcasted to all brain regions in response to reward, but is 

selectively evoked in distinct regions with respect to unpredicted reward, aversion or 
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locomotion. A projection-based model also aligns well with the cellular heterogeneity of DA 

neurons in terms of projections, inputs, gene expression and electrophysiological properties. 

Future studies will need to investigate how co-release of glutamate and/or GABA from DA 

synapses contributes to motivated behaviors. Moreover, additional work will be necessary to 

reliably define and target midbrain DA neuronal subtypes, which will be critical for the 

dissection of the functions of individual, projection target-defined subgroups of neurons. 

Although VTA DA neurons are known to have largely non-overlapping projections, novel 

technologies that employ barcoding (e.g., MAPseq; Kebschull et al., 2016) could also be 

used to screen for more complex connectivity patterns even within the VTA. Finally, it will 

be necessary to develop technologies to better integrate readouts of natural neural activity 

with optogenetic stimulation patterns in order to drive activity in specific circuits at 

physiologically relevant frequencies. This information can then be leveraged toward 

identifying and manipulating specific DA subcircuits that are altered in disease. Given that 

perturbations of midbrain DA neurons are well known to be implicated in several 

neuropsychiatric disorders (e.g., Parkinson’s disease, depression, substance abuse disorder, 

schizophrenia), identifying molecular targets in specific DA subpopulations could prove 

critical to developing novel therapeutic interventions.
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Abbreviations:

VTA Ventral Tegmental Area

DA dopamine

NAc Nucleus Accumbens

SN Substantia Nigra pars compacta

PHA-L Phaseolus vulgaris leucoagglutinin

mPFC medial prefrontal cortex

LHb lateral habenula

DRN dorsal raphe nucleus

VP ventral pallidum

LH lateral hypothalamus

LDT laterodorsal tegmental nucleus

RMTg rostromedial tegmental nucleus

GABA gamma-aminobutyric acid

Cardozo Pinto and Lammel Page 15

Pharmacol Biochem Behav. Author manuscript; available in PMC 2020 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RV rabies virus

RG rabies glycoprotein

EnvA Avian sarcoma leucosis virus- A envelope

TVA Tumor virus receptor A

Cre Cre-recombinase

GFP green fluorescent protein

TRIO tracing of the relationship between input and output

cTRIO cell-type specific tracing of the relationship between input and output

CAV canine adeno virus

AAV adeno-associated virus

Flp Flp-recombinase

DIO double floxed inverted open reading frame

BAC bacterial artificial chromosome

IPN interpeduncular nucleus

TH tyrosine hydroxylase

DAT dopamine transporter

Pitx3 Pituitary homeobox 3

ChR2 Channelrhodopsin2

fMRI functional magnetic resonance imaging

RPE reward prediction error

eNpHR3.0 halorhodopsin

Arch archaerhodopsin

CeA central amygdala

DLS dorsolateral striatum

REM rapid eye movement

5HT five hydroxytryptamine

vGlut2 vesicular glutamate transporter 2

PPT pedunculopontine tegmental nucleus

ACh acetylcholine
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BNST bed nucleus of the stria terminalis

ofMRI optogenetic functional magnetic resonance imaging

BOLD blood oxygen level dependent

L-DOPA Levodopa

FRT flippase recognition target
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Highlights

Viral vector strategies are discussed that have been used to dissect how different 

subpopulations of dopamine neurons contribute to motivated behaviors.
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Figure 1. Input-Output relationships of dopamine neurons in the ventral tegmental area.
Top: Brain regions that send major inputs to the VTA are color coded according to the 

cellular identity of input neurons. Inset: detailed view of VTA functional connectivity based 

on recent studies that have combined synaptic electrophysiology and in vivo optogenetics. 

Note, that GABA neurons include those that are located in the VTA as well as RMTg. (+) 

and (−) indicate that optogenetic stimulation of a particular input induced reward (measured 

as place preference) or aversion (measured as place aversion). Question marks indicate that 

cell type- and/or projection-specific synaptic connectivity has not yet been established.
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